Evaluation of elastic and adhesive properties of solids by depth-sensing indentation by Perepelkin, Nikolay V. et al.
This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository: http://orca.cf.ac.uk/126728/
This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:
Perepelkin, Nikolay V., Argatov, Ivan I. and Borodich, Feodor M. 2019. Evaluation of elastic and





Changes made as a result of publishing processes such as copy-editing, formatting and page
numbers may not be reflected in this version. For the definitive version of this publication, please
refer to the published source. You are advised to consult the publisher’s version if you wish to cite
this paper.
This version is being made available in accordance with publisher policies. See 
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications
made available in ORCA are retained by the copyright holders.
❊✈❛❧✉❛t✐♦♥ ♦❢ ❡❧❛st✐❝ ❛♥❞ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s ♦❢
s♦❧✐❞s ❜② ❞❡♣t❤✲s❡♥s✐♥❣ ✐♥❞❡♥t❛t✐♦♥
◆✐❦♦❧❛② ❱✳ P❡r❡♣❡❧❦✐♥❛❀❝✶✱ ■✈❛♥ ■✳ ❆r❣❛t♦✈❜✱ ❋❡♦❞♦r ▼✳ ❇♦r♦❞✐❝❤❛
❛ ❙❝❤♦♦❧ ♦❢ ❊♥❣✐♥❡❡r✐♥❣✱ ❈❛r❞✐☛ ❯♥✐✈❡rs✐t②✱ ❈❛r❞✐☛✱ ❈❋✷✹ ✸❆❆✱ ❯❑
❜ ❉❡♣❛rt♠❡♥t ♦❢ ▼❛t❡r✐❛❧s ❙❝✐❡♥❝❡ ❛♥❞ ❆♣♣❧✐❡❞ ▼❛t❤❡♠❛t✐❝s✱ ▼❛❧♠⑧♦ ❯♥✐✈❡rs✐t②✱
❙❊✲✷✵✺✵✻ ▼❛❧♠⑧♦✱ ❙✇❡❞❡♥
❝ ❉❡♣❛rt♠❡♥t ♦❢ ❆♣♣❧✐❡❞ ▼❛t❤❡♠❛t✐❝s✱ ◆❛t✐♦♥❛❧ ❚❡❝❤♥✐❝❛❧ ❯♥✐✈❡rs✐t② ❭❑❤❛r❦✐✈
P♦❧②t❡❝❤♥✐❝ ■♥st✐t✉t❡✧✱ ❑❤❛r❦✐✈✱ ✻✶✵✵✷✱ ❯❦r❛✐♥❡
✶❈♦rr❡s♣♦♥❞✐♥❣ ❛✉t❤♦r✳ ❊✲♠❛✐❧ ❛❞❞r❡ss✿ P❡r❡♣❡❧❦✐♥▼❅❝❛r❞✐☛✳❛❝✳✉❦
❊✈❛❧✉❛t✐♦♥ ♦❢ ❡❧❛st✐❝ ❛♥❞ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s ♦❢
s♦❧✐❞s ❜② ❞❡♣t❤✲s❡♥s✐♥❣ ✐♥❞❡♥t❛t✐♦♥
❚♦ ❞❡s❝r✐❜❡ ♣r♦♣❡r❧② ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❝♦♥t❛❝t✐♥❣ s♦❧✐❞s ❛t ♠✐❝r♦✴♥❛♥♦♠❡tr❡
s❝❛❧❡s✱ ♦♥❡ ♥❡❡❞s t♦ ❦♥♦✇ ❜♦t❤ ❛❞❤❡s✐✈❡ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s♦❧✐❞s✳
❇♦r♦❞✐❝❤ ❛♥❞ ●❛❧❛♥♦✈ ❤❛✈❡ ✐♥tr♦❞✉❝❡❞ ❛♥ ❡☛❡❝t✐✈❡ ♠❡t❤♦❞ ✭t❤❡ ❇● ♠❡t❤♦❞✮ ❢♦r
✐❞❡♥t✐❢②✐♥❣ ❜♦t❤ ❝❤❛r❛❝t❡r✐st✐❝s ❢r♦♠ ❛ s✐♥❣❧❡ ❡①♣❡r✐♠❡♥t ♦♥ ❞❡♣t❤✲s❡♥s✐♥❣ ✐♥❞❡♥t❛✲
t✐♦♥ ❜② ❛ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r ✉s✐♥❣ ♦♣t✐♠❛❧ ☞tt✐♥❣ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ❯♥❧✐❦❡
tr❛❞✐t✐♦♥❛❧ ✐♥❞❡♥t❛t✐♦♥ t❡❝❤♥✐q✉❡s ✐♥✈♦❧✈✐♥❣ s❤❛r♣ ✐♥❞❡♥t❡rs✱ t❤❡ ❇♦r♦❞✐❝❤✲●❛❧❛♥♦✈
♠❡t❤♦❞♦❧♦❣② ✐♥tr✐♥s✐❝❛❧❧② t❛❦❡s ❛❞❤❡s✐♦♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ■t ✐s ❡ss❡♥t✐❛❧❧② ❛ ♥♦♥✲
❞❡str✉❝t✐✈❡ ❛♣♣r♦❛❝❤✳ ❚❤❡s❡ ❢❡❛t✉r❡s ❡①t❡♥❞ t❤❡ s❝♦♣❡ ♦❢ t❤❡ ♠❡t❤♦❞ t♦ ✐♠♣♦rt❛♥t
❛♣♣❧✐❝❛t✐♦♥s ❜❡②♦♥❞ t❤❡ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ ❝♦♥✈❡♥t✐♦♥❛❧ ✐♥❞❡♥t❛t✐♦♥✳ ❚❤❡ s❝♦♣❡ ♦❢ t❤❡
♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞ ✇❛s ❧✐♠✐t❡❞ t♦ t❤❡ ❝❧❛ss✐❝ ❏❑❘ ❛♥❞ ❉▼❚ t❤❡♦r✐❡s✳ ❘❡❝❡♥t❧②✱
t❤✐s r❡str✐❝t✐♦♥ ❤❛s ❜❡❡♥ ♦✈❡r❝♦♠❡ ❜② ✐♥tr♦❞✉❝✐♥❣ t❤❡ ❡①t❡♥❞❡❞ ❇● ✭❡❇●✮ ♠❡t❤♦❞✱
✇❤❡r❡ ❛ ♥❡✇ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥❝❡♣t ♦❢ ♦rt❤♦❣♦♥❛❧ ❞✐st❛♥❝❡ ❝✉r✈❡
☞tt✐♥❣ ❤❛s ❜❡❡♥ ✐♥tr♦❞✉❝❡❞✳ ■♥ t❤❡ ♣r❡s❡♥t ✇♦r❦✱ q✉❡st✐♦♥s r❡❧❛t❡❞ t♦ t❤❡♦r❡t✐❝❛❧ ❞❡✲
✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❡❇● ♠❡t❤♦❞ ❛r❡ ❞✐s❝✉ss❡❞✳ ❯s✐♥❣ t❤❡ ❞❛t❛ ❢♦r ❡❧❛st✐❝ ❜✉❧❦ s❛♠♣❧❡s✱
✐t ✐s s❤♦✇♥ t❤❛t t❤❡ ❡❇● ♠❡t❤♦❞ ✐s ❛t ❧❡❛st ❛s ❣♦♦❞ ❛s t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞✳ ■t ✐s
s❤♦✇♥ t❤❛t t❤❡ ❡❇● ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❛❞❤❡s✐✈❡ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ❝♦❛t❡❞✱ ♠✉❧t✐❧❛②❡r❡❞✱
❢✉♥❝t✐♦♥❛❧❧②✲❣r❛❞❡❞ ♠❡❞✐❛✳
❑❡②✇♦r❞s✿ t❤❡ ❇● ♠❡t❤♦❞✱ ❞❡♣t❤ s❡♥s✐♥❣ ✐♥❞❡♥t❛t✐♦♥ ✭❉❙■✮✱ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢
❛❞❤❡s✐✈❡s✱ ❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧s✱ ♥♦♥✲❞❡str✉❝t✐✈❡ t❡st✐♥❣✱ ❝♦❛t✐♥❣s✳
✶ ■♥tr♦❞✉❝t✐♦♥
❚♦ s♦❧✈❡ ♠❛♥② ♣r♦❜❧❡♠s ♦❢ ♠♦❞❡r♥ ♥❛♥♦♠❡❝❤❛♥✐❝s✱ ♦♥❡ ♥❡❡❞s t♦ ❝♦♥s✐❞❡r ♥♦t ♦♥❧②
t❤❡ ♠❡❝❤❛♥✐❝❛❧ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ s♦❧✐❞s ❜✉t ❛❧s♦ t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ❡☛❡❝ts
❝❛✉s❡❞ ❜② ✈❛r✐♦✉s ♣❤②s✐❝❛❧ ❛♥❞ ❝❤❡♠✐❝❛❧ ❡☛❡❝ts ♦❢ ✐♥t❡r❛❝t✐♥❣ s✉r❢❛❝❡s✳ ■♥ ♣❛rt✐❝✉✲
❧❛r✱ ♦♥❡ ♥❡❡❞s t♦ ❝♦♥s✐❞❡r ❛❞❤❡s✐♦♥ ❜❡t✇❡❡♥ ❝♦♥t❛❝t✐♥❣ s♦❧✐❞s✳ ❚❤❡ ❡☛❡❝ts ♦❢ ❛❞❤❡s✐♦♥
❜❡❝♦♠❡ ✐♥❝r❡❛s✐♥❣❧② s✐❣♥✐☞❝❛♥t ❛s t❤❡ ❝♦♥t❛❝t s✐③❡ ❞❡❝r❡❛s❡s ❬✶❪ ❛♥❞ ❤❡♥❝❡✱ ❡✈❛❧✉❛✲
t✐♦♥ ♦❢ ❛❞❤❡s✐✈❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ s♦❧✐❞s ✐s ❡①tr❡♠❡❧② ✐♠♣♦rt❛♥t ❢♦r ❞❡s❝r✐❜✐♥❣ t❤❡✐r
✐♥t❡r❛❝t✐♦♥s ❛t ♠✐❝r♦✲ ♦r ♥❛♥♦✲s❝❛❧❡s✳ ❙✉❜❥❡❝ts ❛♥❞ s♣❡❝✐♠❡♥s ✐♥ t❤❡ ♠♦❞❡r♥ ▼❛t❡r✐✲
❛❧s ❙❝✐❡♥❝❡ ❛♥❞ ◆❛♥♦t❡❝❤♥♦❧♦❣② ❛r❡ ♦❢t❡♥ ♦❢ ✈❡r② s♠❛❧❧ ❞✐♠❡♥s✐♦♥s✱ ❡✳❣✳ ♠❡♠❜r❛♥❡s
♦❢ ❜✐♦❧♦❣✐❝❛❧ ❝❡❧❧s✱ ♠❛♥② s✉r❢❛❝❡ ❝♦❛t✐♥❣s ❛♥❞ ❧❛②❡rs ❞❡♣♦s✐t❡❞ ♦♥ s♦❧✐❞s ❛r❡ ✈❡r② t❤✐♥✳
❈❧❡❛r❧②✱ ♦♥❡ ❝❛♥♥♦t ❡♠♣❧♦② t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ t❡sts s✉❝❤ ❛s t❤❡ ✉♥✐✲❛①✐❛❧ t❡♥s✐❧❡ t❡sts
♦❢ ♠❛❝r♦s❝❛❧❡ s❛♠♣❧❡s ❬✷❪ ♦r t❤❡ t❛♣❡ ♣❡❡❧✐♥❣ t❡sts ❬✸❪ ❢♦r ❡✈❛❧✉❛t✐♦♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧
❛♥❞ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s ♦❢ s✉❝❤ t✐♥② s♦❧✐❞s✳ ❚❤❡r❡❢♦r❡✱ ✈❛r✐♦✉s ✐♥❞❡♥t❛t✐♦♥ t❡sts ♦❢
♠❛t❡r✐❛❧s ❛r❡ ♦❢t❡♥ ❡♠♣❧♦②❡❞✳ ❚❤❡ ❞❡♣t❤✲s❡♥s✐♥❣ ✐♥❞❡♥t❛t✐♦♥ ✭❉❙■✮ t❡sts ❜❡❝❛♠❡ ❡s✲
♣❡❝✐❛❧❧② ♣♦♣✉❧❛r ✐♥ t❤❡ ❧❛st ❞❡❝❛❞❡s ❢♦r st✉❞②✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ♠❛t❡r✐❛❧s ♦❢ ✈❡r② s♠❛❧❧
✈♦❧✉♠❡s✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦❢ ❛ ❉❙■ t❡st ✐s ♣r❡s❡♥t❡❞ ❛s ❛rr❛②s ♦❢ ♠❡❛s✉r❡✲
♠❡♥ts ♦❢ t❤❡ ❢♦r❝❡ P ❛♣♣❧✐❡❞ t♦ t❤❡ ✐♥❞❡♥t❡r ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❞✐s♣❧❛❝❡♠❡♥ts
✍ ♦❢ t❤❡ ✐♥❞❡♥t❡r✳ ❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ♣r❡s❡♥t❡❞ ❛s t❤❡ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t
❝✉r✈❡ ♦r t❤❡ P   ✍ ❝✉r✈❡ ❬✹❪✳ ■❢ ♦♥❡ ❛ss♦❝✐❛t❡s t❤❡ P   ✍ ❝✉r✈❡ ✇✐t❤ ❛ ♠❛t❤❡♠❛t✐❝❛❧
♠♦❞❡❧ ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r♦❝❡ss✱ t❤❡♥ t❤❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ♠❛② ❜❡ ❡✈❛❧✉❛t❡❞ ❜②
s♦❧✈✐♥❣ ❛♥ ✐♥✈❡rs❡ ♣r♦❜❧❡♠ ♦❢ ☞tt✐♥❣ t❤❡ ♠♦❞❡❧ t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳
❯s✉❛❧❧② ❛❞❤❡s✐✈❡ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❝♦♥t❛❝t✐♥❣ s♦❧✐❞s ❛r❡ ❡✈❛❧✉❛t❡❞
❡♠♣❧♦②✐♥❣ t✇♦ ✐♥❞❡♣❡♥❞❡♥t ❛♥❞ r❛t❤❡r ❞✐☛❡r❡♥t ✐♥❞❡♥t❛t✐♦♥ t❡sts✿ ✭✐✮ ❉❙■ ♦❢ s❤❛r♣
♣②r❛♠✐❞❛❧ ✐♥❞❡♥t❡rs ❢♦r ❡①tr❛❝t✐♦♥ ♦❢ t❤❡ ❡☛❡❝t✐✈❡ ❝♦♥t❛❝t ♠♦❞✉❧✉s ❊✄ ❢r♦♠ t❤❡
✉♥❧♦❛❞✐♥❣ ❜r❛♥❝❤ ♦❢ t❤❡ P   ✍ ❝✉r✈❡❀ ❛♥❞ ✭✐✐✮ ❡①tr❛❝t✐♦♥ ♦❢ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ✇ ❢r♦♠
❞✐r❡❝t ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ♣✉❧❧✲♦☛ ❢♦r❝❡ ✭t❤❡ ❛❞❤❡r❡♥❝❡ ❢♦r❝❡ P❛❞❤ ✇❤✐❝❤ ✐s ❛ss✉♠❡❞
t♦ ❜❡ ♥❡❣❛t✐✈❡✮ ♦❢ ❛ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r ❢r♦♠ t❤❡ ♠❛t❡r✐❛❧ s❛♠♣❧❡ ❛♥❞ s♦♠❡t✐♠❡s
✉s✐♥❣ ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ❢❡✇ ♦t❤❡r ♣♦✐♥ts ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ P   ✍ ❝✉r✈❡ ❬✺✱✻❪✳ ❇♦t❤
♦❢ t❤❡ ❛❜♦✈❡ t❡❝❤♥✐q✉❡s ❤❛✈❡ s❡✈❡r❛❧ ❞r❛✇❜❛❝❦s t❤❛t ✇✐❧❧ ❜❡ ❜r✐❡✌② ❞✐s❝✉ss❡❞ ✐♥ t❤❡
♥❡①t s❡❝t✐♦♥ ✭s❡❡ ❛❧s♦ ❞✐s❝✉ss✐♦♥ ✐♥ ❬✼✱ ✽❪✮✳ ❍❡♥❝❡✱ ❢♦r ♠❛♥② ♠♦❞❡r♥ ♠❛t❡r✐❛❧s✱ ❜♦t❤
❝❤❛r❛❝t❡r✐st✐❝s✱ ❡s♣❡❝✐❛❧❧② t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥✱ ❛r❡ ♥♦t ✇❡❧❧ ❦♥♦✇♥ q✉❛♥t✐t✐❡s ❬✾❪✳
❆❢t❡r ❛♥❛❧②s✐s ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s ❜❛s❡❞ ♦♥ t❤❡ ✉s❡ ♦❢ ♣②r❛♠✐❞❛❧
✐♥❞❡♥t❡rs✱ ❈❤❛✉❞❤r✐ ❛♥❞ ▲✐♠ ❬✶✵❪ s✉❣❣❡st❡❞ t♦ ❞❡t❡r♠✐♥❡ ❡❧❛st✐❝ ❝♦♥st❛♥ts ♦❢ ♠❛t❡✲
r✐❛❧s ❢r♦♠ t❤❡ ❍❡rt③ ❢♦r♠✉❧❛❡ ✉s✐♥❣ t❤❡ ✐♥✐t✐❛❧ ❡❧❛st✐❝ st❛❣❡ ♦❢ t❤❡ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t
❝✉r✈❡s ✇❤❡♥ t❤❡ ♠❛t❡r✐❛❧ s❛♠♣❧❡s ❛r❡ ❧♦❛❞❡❞ ❜② s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡rs✳ ❍♦✇❡✈❡r✱ t❤❡
P   ✍ ❝✉r✈❡s ♦❢ s✉❝❤ t❡sts ♠❛② ❜❡ ❣r❡❛t❧② ✐♥✌✉❡♥❝❡❞ ❜② ❛❞❤❡s✐♦♥ ♦❢ ♠❛t❡r✐❛❧s✳ ■♥
t✉r♥✱ ❇♦r♦❞✐❝❤ ❛♥❞ ●❛❧❛♥♦✈ ❬✶✶❪ ✐♥tr♦❞✉❝❡❞ ❛♥ ❡☛❡❝t✐✈❡ ♠❡t❤♦❞ ✭t❤❡ ❇● ♠❡t❤♦❞✮
❢♦r ✐❞❡♥t✐❢②✐♥❣ ❜♦t❤ ❡❧❛st✐❝ ❛♥❞ ❛❞❤❡s✐✈❡ ❝❤❛r❛❝t❡r✐st✐❝s ❢r♦♠ ❛ s✐♥❣❧❡ ❉❙■ ❡①♣❡r✐✲
♠❡♥t ❡♠♣❧♦②✐♥❣ ♦♣t✐♠❛❧ ☞tt✐♥❣ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❝✉r✈❡ ❜② ❛♥ ❛♣♣r♦♣r✐❛t❡ ✇❡❧❧✲
❡st❛❜❧✐s❤❡❞ ♠♦❞❡❧ ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ♦❢ s♣❤❡r❡s✳
❚❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s ♦❢ ❝♦♥t❛❝t✐♥❣ ♠❛t❡r✐❛❧s ✐s ♣♦ss✐❜❧❡ ❜② s♦❧✈✲
✐♥❣ ❛♥ ✐♥✈❡rs❡ ♣r♦❜❧❡♠ ✉s✐♥❣ t❤❡ ✐❞❡❛❧ t❤❡♦r❡t✐❝❛❧ P   ✍ ❝✉r✈❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛
❝❤♦s❡♥ ♠❛t❤❡♠❛t✐❝❛❧ t❤❡♦r② ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r♦❝❡ss✳ ■♥ ♦t❤❡r ✇♦r❞s✱ ✐❢ ❛ ♠❛t❤✲
❡♠❛t✐❝❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ✐♥❞❡♥t❡r✲s♣❡❝✐♠❡♥ ✐♥t❡r❛❝t✐♦♥ ✐s s♣❡❝✐☞❡❞✱ t❤❡♥ ♦♥❡ ❝❛♥ ☞t
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♣♦✐♥ts ✇✐t❤ t❤❡ ❡①♣❡❝t❡❞ t❤❡♦r❡t✐❝❛❧ P   ✍ ❝✉r✈❡ ✈✐❛ ❛❞❥✉st♠❡♥t
♦❢ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs r❡❧❛t❡❞ t♦ ✉♥❦♥♦✇♥ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✳ ❍♦✇❡✈❡r✱ ❡❛❝❤ ❡①♣❡r✐✲
♠❡♥t❛❧ ♠❡❛s✉r❡♠❡♥t ✐s ❛☛❡❝t❡❞ ❜② ✈❛r✐❛t✐♦♥ ♦❢ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♠❛t❡r✐❛❧ t❡st❡❞ ❛♥❞
♦t❤❡r s♦✉r❝❡s ♦❢ ❡①♣❡r✐♠❡♥t❛❧ ♥♦✐s❡✳ ❚❤❛t ✐s ✇❤②✱ ✐♥ ❝♦♥tr❛st t♦ ♦t❤❡r ♠❡t❤♦❞s ♦❢
♠❡❝❤❛♥✐❝s ♦❢ ♠❛t❡r✐❛❧s✱ t❤❡ ❇● ♠❡t❤♦❞ ✉s❡s t❤❡ ❡♥t✐r❡ s❡t ♦❢ ❞❛t❛ ♣♦✐♥ts ♦❢ ✉♥❧♦❛❞✲
✐♥❣ ❜r❛♥❝❤ ♦❢ t❤❡ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ r❛t❤❡r t❤❛♥ s♦♠❡ s♣❡❝✐☞❝ ♣♦✐♥ts ♦♥ ✐t✳
❚❤❡ ❇● ♠❡t❤♦❞ ❛❧❧♦✇s t❤❡ r❡s❡❛r❝❤❡rs t♦ ❡①tr❛❝t s✐♠✉❧t❛♥❡♦✉s❧② ❜♦t❤ t❤❡ ❛❞❤❡s✐✈❡
❛♥❞ ❡❧❛st✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❉❙■ ❞✐❛❣r❛♠s ❜② ❡♠♣❧♦②✐♥❣ ❛ ♥♦♥✲
❞✐r❡❝t ❛♣♣r♦❛❝❤✳ ❚❤❡ ❇● ♠❡t❤♦❞ ✐s ❜❛s❡❞ ♦♥ ❛ s✐♠♣❧❡ ✐❞❡❛ t❤❛t ❛t ❧♦✇ ❧♦❛❞s t❤❡
P   ✍ ❝✉r✈❡s ♥♦t✐❝❡❛❜❧② r❡✌❡❝t ♥♦t ♦♥❧② ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ❜✉t ❛❧s♦ ❛❞❤❡s✐✈❡ ♣r♦♣✲
❡rt✐❡s ♦❢ t❤❡ ❝♦♥t❛❝t✳ ❚❤❡r❡❢♦r❡✱ ♦♥❡ ❝❛♥ s✐♠✉❧t❛♥❡♦✉s❧② ✐❞❡♥t✐❢② ❢r♦♠ ❡①♣❡r✐♠❡♥ts
❜♦t❤ ❡❧❛st✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❝♦♥t❛❝t✐♥❣ ♠❛t❡r✐❛❧s ❛♥❞ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ♠♦❧❡❝✉❧❛r
❛❞❤❡s✐♦♥✳ ■t ✇❛s ♦❜s❡r✈❡❞ t❤❛t t❤❡ ❝♦♠♣r❡ss✐✈❡ ♣❛rt ♦❢ t❤❡ ❛❞❤❡s✐✈❡ P   ✍ ❞✐❛❣r❛♠
✐s ♠✉❝❤ ❧❡ss s❡♥s✐t✐✈❡ t♦ r♦✉❣❤♥❡ss t❤❛♥ ✐ts t❡♥s✐❧❡ ♣❛rt✳ ❚❤❡ ❇● ❛♣♣r♦❛❝❤ s✉❣❣❡sts
t♦ ☞t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦♥ t❤❡ st❛❜❧❡ st❛❣❡s ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❞✐❛❣r❛♠s ❜② ❛
t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ♦❢ t❤❡ ❛♣♣r♦♣r✐❛t❡ ♠♦❞❡❧ ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t✱ ✐✳❡✳ ❜② s♦❧✈✐♥❣ ❛♥
✐♥✈❡rs❡ ♣r♦❜❧❡♠✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ☞tt✐♥❣ ✐s s✉♣♣♦s❡❞ t♦ ❜❡ ❞♦♥❡ t❤r♦✉❣❤ ❛❞✲
❥✉st♠❡♥t ♦❢ t❤❡ ✈❛❧✉❡s ♦❢ ❝❤❛r❛❝t❡r✐st✐❝ s❝❛❧❡s ♦❢ t❤❡ ❝♦♥t❛❝t ♣r♦❜❧❡♠ ✭t❤❡ q✉❛♥t✐t✐❡s
♥❡❡❞❡❞ t♦ r❡✲✇r✐t❡ t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❞❡♣❡♥❞❡♥❝② ✐♥ ❛ ❞✐♠❡♥s✐♦♥❧❡ss
❢♦r♠✮✳ ❖♥❝❡ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ s❝❛❧❡s ❤❛✈❡ ❜❡❡♥ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡
r❡❧✐❛❜❧❡ ❞❛t❛✱ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ❛❞❤❡s✐✈❡ ♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞✳ ■♥ ♣❛rt✐❝✉❧❛r✱
t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ♣✉❧❧✲♦☛ ❢♦r❝❡✱ t❤❡ ♠✐♥✐♠✉♠ ✈❛❧✉❡ ♦❢ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t✱ t❤❡ ✇♦r❦
♦❢ ❛❞❤❡s✐♦♥✱ ❛♥❞ t❤❡ r❡❞✉❝❡❞ ❡❧❛st✐❝ ♠♦❞✉❧✉s ♦❢ t❤❡ ♠❛t❡r✐❛❧s✳ ■t ✇❛s s❤♦✇♥ ❜②
❇♦r♦❞✐❝❤ ❡t ❛❧✳ ❬✶✷④✶✹❪ t❤❛t t❤❡ ❇● ♠❡t❤♦❞ ✐s r♦❜✉st ❛t ❧❡❛st ✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢
❛♣♣❧✐❝❛❜✐❧✐t② ♦❢ t❤❡ ❏❑❘ t❤❡♦r②✳
■t ✐s ♥♦t❡✇♦rt❤②✱ t❤❛t t❤❡ s❝♦♣❡ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ❡①t❡♥❞s t♦ ❛ ♥✉♠❜❡r ♦❢ ✐♠✲
♣♦rt❛♥t ❝❛s❡s ✐♥ ✇❤✐❝❤ t❤❡ ✉s❡ ♦❢ ❝♦♠♠♦♥ ✐♥❞❡♥t❛t✐♦♥ t❡❝❤♥✐q✉❡s ✭❡✳❣✳ t❤❡ ♦♥❡ ❜②
❖❧✐✈❡r ❛♥❞ P❤❛rr ❬✶✺❪✮ ✐s ✉♥❞❡s✐r❡❞ ♦r ✐♠♣♦ss✐❜❧❡✿
✭✐✮ ✐t ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s ✐♥ t❤❡ ☞rst ✐♥st❛♥❝❡✱
♦r ✇❤❡♥❡✈❡r ❛❞❤❡s✐♦♥ ❞✉r✐♥❣ ❉❙■ ❝❛♥♥♦t ❜❡ ♥❡❣❧❡❝t❡❞ ✭✐✳❡✳ ♠✐❝r♦✴♥❛♥♦✐♥❞❡♥t❛t✐♦♥
♦❢ s♦❢t s♦❧✐❞s✮❀
✭✐✐✮ ✐t ✐s ❡s♣❡s✐❛❧❧② s✉✐t❛❜❧❡ ❢♦r t❤❡ ✉s❡ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❈♦❧❧♦✐❞❛❧ Pr♦❜❡ t❡❝❤♥✐q✉❡
❬✶✻④✶✽❪✱ ✇❤✐❝❤ ✉s❡s ❝❛♥t✐❧❡✈❡r✲♠♦✉♥t❡❞ s♣❤❡r✐❝❛❧ ♣❛rt✐❝❧❡s ❛s ♣r♦❜❡s❀
✭✐✐✐✮ ✐t ✐s ❛ ♥♦♥✲❞❡str✉❝t✐✈❡ t❡❝❤♥✐q✉❡✳ ❚❤✐s ♣r♦✈✐❞❡s ❜❡♥❡☞ts ✐♥ t❡r♠s ♦❢✿ ✭❛✮ t❤❡
❛❜✐❧✐t② t♦ t❡st ❧✐✈✐♥❣ ❜✐♦❧♦❣✐❝❛❧ s❛♠♣❧❡s ✭❡✳❣✳ ❝❡❧❧ ♠❡♠❜r❛♥❡s✮❀ ✭❜✮ t❤❡ ❛❜✐❧✐t② t♦ ❞♦
r❡♣❡t✐t✐✈❡ t❡sts ❛t ❡①❛❝t❧② t❤❡ s❛♠❡ ❧♦❝❛t✐♦♥ ✭❡✳❣✳ t♦ ❞♦ st❛t✐st✐❝❛❧ ❛✈❡r❛❣✐♥❣ ♦❢ t❤❡
r❡s✉❧ts✱ ♦r t♦ ✐♥✈❡st✐❣❛t❡ s✉r❢❛❝❡ ♣❤②s✐❝s ✉♥❞❡r ❝❤❛♥❣✐♥❣ ❡♥✈✐r♦♥♠❡♥t ❝♦♥❞✐t✐♦♥s✮❀
✭❝✮ ♥♦♥✲❞❡str✉❝t✐✈❡ ❝♦♥tr♦❧ ♦❢ t❤❡ q✉❛❧✐t② ❛♥❞ ♣r♦♣❡rt✐❡s ♦❢ ♣r♦t❡❝t✐✈❡ ❝♦❛t✐♥❣s ❬✶✾❪✱
✐♥❝❧✉❞✐♥❣ t❤♦s❡ ✇♦r❦✐♥❣ ✐♥ ❛❣❣r❡ss✐✈❡ ❡♥✈✐r♦♥♠❡♥t✳
❘❡❝❡♥t❧②✱ P❡r❡♣❡❧❦✐♥ ❡t ❛❧ ❬✷✵❪ ❤❛✈❡ ❛♥♥♦✉♥❝❡❞ ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❇● ♠❡t❤♦❞✳
❚❤❡ ♠❛✐♥ ❞✐☛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞ ❛♥❞ ✐ts ❡①t❡♥❞❡❞ ✈❡rs✐♦♥ ✐s
t❤❛t t❤❡ ❧❛tt❡r ✐s ❜❛s❡❞ ♥♦t ♦♥ t❤❡ ❦♥♦✇♥ ✈❡rs✐♦♥s ♦❢ t❤❡ ❏❑❘ ♦r ❉▼❚ t❤❡♦r✐❡s
t❤❛t ❛r❡ str✐❝t❧② s♣❡❛❦✐♥❣ ❛♣♣❧✐❝❛❜❧❡ ♦♥❧② t♦ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡s✱ ❜✉t ♦♥ t❤❡ ✉s❡ ♦❢
♣❛r❛♠❡tr✐❝❛❧❧② ❞❡☞♥❡❞ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s✳ ■t ✐s s❤♦✇♥ ❜❡❧♦✇ t❤❛t t❤❡ ❡①✲
t❡♥❞❡❞ ❇● ✭❡❇●✮ ♠❡t❤♦❞ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ♥♦t ♦♥❧② t♦ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡s ❜✉t ❛❧s♦ t♦
t❤✐♥ ❛♥❞ t❤✐❝❦ ❧❛②❡r❡❞ s②st❡♠s✳ ❆♥♦t❤❡r s♣❡❝✐☞❝ ❢❡❛t✉r❡ ♦❢ t❤❡ ❡❇● ♠❡t❤♦❞ ✐s t❤❡
✉s❡ ♦❢ t❤❡ ♦rt❤♦❣♦♥❛❧ ❞✐st❛♥❝❡ ☞tt✐♥❣ ❛♣♣r♦❛❝❤✳ ❚❤✐s ❧❡❛❞s t♦ ❛ ❞✐☛❡r❡♥t ♦❜❥❡❝t✐✈❡
❢✉♥❝t✐♦♥❛❧ ♦❢ ❞❛t❛ ☞tt✐♥❣✳ ❚❤❡ ♣❛♣❡r ❬✷✵❪ s❤♦✉❧❞ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛♥ ❛♥♥♦✉♥❝❡♠❡♥t
♦❢ t❤❡ ❡❇● ♠❡t❤♦❞ ❛♥❞ ❛ ♣r♦♦❢✲♦❢✲❝♦♥❝❡♣t ❜❡❝❛✉s❡ t❤❡ ❡❇● ♠❡t❤♦❞ ✇❛s ♣r❡s❡♥t❡❞
✧❛s ✐s✧✱ ✇✐t❤♦✉t t❤♦r♦✉❣❤ ❥✉st✐☞❝❛t✐♦♥ ♦❢ t❤❡ ♣❛rt✐❝✉❧❛r ✇♦r❦✌♦✇ ♦❢ t❤❡ ♠❡t❤♦❞ ❛♥❞
t❤❡ ♥❡✇ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ✉s❡❞✳ ❚❤❡ ✇♦r❦ ❬✷✵❪ ❤❛s ♣r❡s❡♥t❡❞ ❛ ❞✐r❡❝t ❡①♣❡r✐♠❡♥✲
t❛❧ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ♥❡✇ ❛♣♣r♦❛❝❤✱ ✇❤✐❝❤ ❝♦♥st✐t✉t❡s t❤❡ ♠❛✐♥ ♣❛rt ♦❢ t❤❛t ♣❛♣❡r✳
■♥ ♣❛rt✐❝✉❧❛r✱ ✐t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❡r❡✱ t❤❛t t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❡❧❛st✐❝ ❝♦♥t❛❝t ♠♦❞✲
✉❧✉s ❡①tr❛❝t❡❞ ❢r♦♠ ✐♥❞❡♥t❛t✐♦♥ t❡sts ❜② t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ ❛r❡ ✐♥ ❛ ❣♦♦❞
❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❜② st❛♥❞❛r❞ ♠❛❝r♦s❝❛❧❡ t❡♥s✐❧❡ t❡sts✳
■♥ ❝♦♥tr❛st✱ t❤❡ ♣r❡s❡♥t ✇♦r❦ ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡♦r❡t✐❝❛❧ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❡❇●
♠❡t❤♦❞✳ ■t ❞❡♠♦♥str❛t❡s t✇♦ ❞✐☛❡r❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ t❤✐s ♠❡t❤♦❞ ❛s ❛ ❢r❛♠❡✲
✇♦r❦ t❤❛t ❝♦♥s✐sts ♦❢ ✭❛✮ ❡①♣❡r✐♠❡♥t❛❧ ♣❛rt ✭❉❙■ ❜② s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡rs✮✱ ❛♥❞ ✭❜✮
❞❛t❛ ♣r♦❝❡ss✐♥❣ ♣❛rt ✭♦rt❤♦❣♦♥❛❧ ❞❛t❛ ☞tt✐♥❣ ❢♦r ❛ ♣❛r❛♠❡tr✐❝❛❧❧② ❞❡☞♥❡❞ ❢♦r❝❡✲
❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡✮✳ ❖♥❡ ♦❢ t❤❡s❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ✇❛s ❡❛r❧✐❡r ✉s❡❞ ✐♥ ❬✷✵❪✱ ❜✉t
♣r❛❝t✐❝❛❧❧② ♥♦ ❞❡t❛✐❧ ✇❛s ❣✐✈❡♥✳ ❍❡r❡ ✇❡ s❤♦✇ ❡①❛❝t❧② ❤♦✇ ❛♥❞ ✇❤② t❤❡ ♣r♦♣♦s❡❞
♠♦❞✐☞❝❛t✐♦♥s ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞ ❢♦❧❧♦✇ ❢r♦♠ t❤❡ ✉s❡ ♦❢ t❤❡ ♦rt❤♦❣♦♥❛❧ ❞✐s✲
t❛♥❝❡ ☞tt✐♥❣ ❝♦♥❝❡♣t ❛♥❞ t❤❡ ❛tt❡♠♣t t♦ ❛✈♦✐❞ ✉♥♥❡❝❡ss❛r② ❧❛r❣❡ s❝❛❧❡ ♦♣t✐♠✐③❛t✐♦♥✳
❆♣❛rt ❢r♦♠ ❞✐☛❡r❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❡❇● ♠❡t❤♦❞✱ t❤❡ ❢♦❧❧♦✇✐♥❣ q✉❡st✐♦♥s ❛r❡
♣r❡s❡♥t❡❞ ❜❡❧♦✇✿ ✭✐✮ t❤❡ ❞✐s❝✉ss✐♦♥ ❛♥❞ s✐♠✉❧❛t✐♦♥s r❡❧❛t❡❞ t♦ ❝♦♥✈❡r❣❡♥❝❡ ❛♥❞ ❛❝❝✉✲
r❛❝② ♦❢ t❤❡ ♥❡✇ ❛♣♣r♦❛❝❤✱ ✭✐✐✮ ♠❛tt❡rs r❡❧❛t❡❞ t♦ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ✉♥❦♥♦✇♥
❝♦♦r❞✐♥❛t❡ ♦r✐❣✐♥ ❢♦r t❤❡ ♠❡❛s✉r❡❞ ✐♥❞❡♥t❡r ❞✐s♣❧❛❝❡♠❡♥t ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧✱
✭✐✐✐✮ ❣❡♥❡r❛❧✐③❡❞ ✈❛r✐❛♥❝❡ ❛s t❤❡ ♠❡❛s✉r❡ ♦❢ ❣♦♦❞♥❡ss ♦❢ ☞tt✐♥❣ r❡❧❛t❡❞ t♦ t❤❡ s❡tt✐♥❣s
♦❢ t❤❡ ☞tt✐♥❣ ❛❧❣♦r✐t❤♠ ✐s ✐♥tr♦❞✉❝❡❞✳ ❆s ❛ ❞❡♠♦♥str❛t✐♦♥ ♦❢ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ t❤❡ ❡❇●
♠❡t❤♦❞✱ ✐t ✐s s❤♦✇♥ t❤❛t ✐t ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❛❞❤❡s✐✈❡ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ❝♦❛t❡❞✱ ♠✉❧t✐✲
❧❛②❡r❡❞✱ ♦r ❢✉♥❝t✐♦♥❛❧❧②✲❣r❛❞❡❞ ♠❡❞✐❛✳ ❆❧❧ t❤❡s❡ ❛❞❞✐t✐♦♥❛❧ ❞❡t❛✐❧s ❛r❡ ♦❢ ✐♥t❡r❡st ❢♦r
s❝✐❡♥t✐☞❝ ❝♦♠♠✉♥✐t② ❛♥❞ ❡♥❛❜❧❡ t❤❡ r❡❛❞❡r t♦ ✉♥❞❡rst❛♥❞ ❜❡tt❡r t❤❡ s❝♦♣❡ ♦❢ t❤❡
❡❇● ♠❡t❤♦❞✱ ♣❡r❢♦r♠❛♥❝❡✲r❡❧❛t❡❞ ♠❛tt❡rs ✐♥ t❡r♠s ♦❢ s♣❡❡❞ ❛♥❞ ❛❝❝✉r❛❝②✱ ❛♥❞ t❤❡
❝♦♠♣❧❡t❡ ✇♦r❦✌♦✇ ♦❢ t❤❡ ♠❡t❤♦❞✳
❚❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ❝♦♥t❛✐♥s ❜r✐❡❢ ❞✐s❝✉ss✐♦♥ r❡❣❛r❞✐♥❣
❝♦♠♠♦♥❧② ✉s❡❞ ❉❙■ t❡❝❤♥✐q✉❡s✱ ❛♥❞ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❛❝❝♦✉♥t✐♥❣ ❛❞❤❡s✐♦♥ ♣❤❡♥♦♠✲
❡♥❛ ✐♥ ❉❙■✳ ❋✉rt❤❡r✱ ✐♥ s❡❝t✐♦♥ ✸✱ t❤❡ s♣❡❝✐☞❝ ❢❡❛t✉r❡s ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞
❛r❡ ❞❡s❝r✐❜❡❞✳ ❚❤❡♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ❛s♣❡❝ts ♦❢ t❤❡ ❡①t❡♥❞❡❞ ❇● ✭❡❇●✮ ♠❡t❤♦❞ ❛r❡
❞✐s❝✉ss❡❞✳
❚✇♦ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ ❛r❡ ❣✐✈❡♥✳ ■♥ t❤❡ ☞rst ✈❡rs✐♦♥✱
t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ❣✐✈❡♥ ❜② t✇♦ ♣❛r❛♠❡tr✐❝ ❢✉♥❝t✐♦♥s ✐s ☞tt❡❞
❞✐r❡❝t❧② t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ ♦rt❤♦❣♦♥❛❧ ❞✐st❛♥❝❡ ☞tt✐♥❣
✭❖❉❋✮ ❛♣♣r♦❛❝❤✳ ❚❤✐s ❛♣♣r♦❛❝❤ ❡♠❡r❣❡s ♥❛t✉r❛❧❧② ❛s t❤❡ r❡s✉❧t ♦❢ ☞♥❞✐♥❣ t❤❡ ❝✉r✈❡
♣❛r❛♠❡t❡r ✈❛❧✉❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ s❡❧❡❝t❡❞ ❞❛t❛ ♣♦✐♥ts ❧♦❝❛t❡❞ ♦☛ t❤❡ t❤❡♦r❡t✐❝❛❧
❝✉r✈❡✱ ✐✳❡✳ t❤❡ ♣r♦❥❡❝t✐♦♥s ♦❢ t❤❡ ❞❛t❛ ♣♦✐♥ts ♦♥t♦ ❛♥ ✐❞❡❛❧ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ❛r❡
❝♦♥s✐❞❡r❡❞✳ ❉✉❡ t♦ t❤❡ ♥♦♥✲❧✐♥❡❛r ♥❛t✉r❡ ❛♥❞ ❤✐❣❤ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦st ♦❢ ❖❉❋✱ t❤❡
❖❉❋ ❛❧❣♦r✐t❤♠s ❢♦r ❡①♣❧✐❝✐t ❢✉♥❝t✐♦♥s ❜❡❣❛♥ t♦ ❡♠❡r❣❡ ♦♥❧② ✐♥ ✶✾✽✵s ❬✷✶❪ ✇❤✐❧❡ t❤❡
❛❧❣♦r✐t❤♠s ❢♦r ♣❛r❛♠❡tr✐❝ ❛♥❞ ✐♠♣❧✐❝✐t ❢✉♥❝t✐♦♥s ❛♥❞ s✉r❢❛❝❡s ❤❛✈❡ ❜❡❡♥ t❤❡ ♠❛tt❡r
♦❢ r❡❝❡♥t st✉❞✐❡s ✭❡✳❣✳ ❬✷✷④✷✻❪✮✳ ■♥ t❤❡ ☞rst ✈❛r✐❛♥t ♦❢ t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞✱
t❤❡ ❞❛t❛ ♣♦✐♥ts ♣r♦❥❡❝t✐♦♥s ❛♥❞ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ s❝❛❧❡s ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ❛r❡
❞❡t❡r♠✐♥❡❞ ✐t❡r❛t✐✈❡❧② ❢r♦♠ ❛ s❡r✐❡s ♦❢ ✐♥t❡r❧❡❛✈❡❞ ♠✐♥✐♠✐③❛t✐♦♥s ♦❢ t❤❡ ♦❜❥❡❝t✐✈❡
❢✉♥❝t✐♦♥❛❧✳ ❚❤❡ ♣r♦❜❧❡♠ ❞✐♠❡♥s✐♦♥ ✐♥ t❤❡ ❖❉❋ ❛♣♣r♦❛❝❤ ✐s r❛t❤❡r ❤✐❣❤ ❜❡❝❛✉s❡
❜♦t❤ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ s❝❛❧❡s ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ❛♥❞ ♣r♦❥❡❝t✐♦♥ ♣♦✐♥ts ❛r❡ ✉♥❦♥♦✇♥✳
❚❤❡ s❡❝♦♥❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ❡❇● ♠❡t❤♦❞ ✐♠♣❧✐❡s t❤❛t ♥♦✐s② ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✐s
✐♥✐t✐❛❧❧② s♠♦♦t❤❡❞ ✭♣r❡✲☞tt❡❞✮ ✇✐t❤ s♦♠❡ ❛✉①✐❧✐❛r② ❝✉r✈❡ ❢♦r♠✉❧❛t❡❞ ❛s ❛♥ ❡①♣❧✐❝✐t
❢✉♥❝t✐♦♥✳ ❚❤❡♥✱ t❤❡ t❤❡♦r❡t✐❝❛❧ ❉❙■ ❝✉r✈❡ ✐s ❭☞tt❡❞✧ t♦ t❤❡ ❛✉①✐❧✐❛r② ♦♥❡✳ ❚❤❡ ♣✉r✲
♣♦s❡ ♦❢ ❞♦✐♥❣ s♦ ✐s t✇♦❢♦❧❞✳ ❋✐rst❧②✱ t❤✐s ❛♣♣r♦❛❝❤ ❛❧❧♦✇s ♦♥❡ t♦ ✉s❡ s♦♠❡ ❛❞✈❛♥❝❡❞
☞tt✐♥❣ t❡❝❤♥✐q✉❡s s✐♥❝❡ t❤❡ ❛✉①✐❧✐❛r② ❝✉r✈❡ ✐s s✉♣♣♦s❡❞ t♦ ❤❛✈❡ ✈❡r② s✐♠♣❧❡ ♠❛t❤❡✲
♠❛t✐❝❛❧ ❢♦r♠✳ ❚❤✐s ❛✉①✐❧✐❛r② ❝✉r✈❡ ❛❧s♦ ❛❝ts ❛s ❛ ☞❧t❡r ❣r❡❛t❧② r❡❞✉❝✐♥❣ t❤❡ ❛♠♦✉♥t
♦❢ ♠❡❛s✉r❡♠❡♥t ♥♦✐s❡ ♣r❡s❡♥t ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ❙❡❝♦♥❞❧②✱ t❤❡ ♦❜❥❡❝t✐✈❡
❢✉♥❝t✐♦♥❛❧ ❝❛♥ ♥♦✇ ❜❡ ❢♦r♠✉❧❛t❡❞ ✐♥ s✉❝❤ ❛ ✇❛② t❤❛t t❤❡r❡ ✐s ♥♦ ♥❡❡❞ ✐♥ ☞♥❞✐♥❣ ♣r♦✲
❥❡❝t✐♦♥s ♦❢ t❤❡ ❞❛t❛ ♣♦✐♥ts ♦♥t♦ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ s✐♥❝❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈❛❧✉❡s ♦❢
t❤❡ ♣❛r❛♠❡t❡r ❛❧♦♥❣ t❤❡ ❝✉r✈❡ ❛r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤❡ ❢✉♥❝t✐♦♥❛❧✳ ❚❤✐s ♠♦❞✐☞❝❛t✐♦♥
❡ss❡♥t✐❛❧❧② r❡❞✉❝❡s t❤❡ ♣r♦❜❧❡♠✬s ❞✐♠❡♥s✐♦♥ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥ t✐♠❡ ✇❤✐❧❡ ♠❛✐♥t❛✐♥✲
✐♥❣ ❣♦♦❞ ♣r❡❝✐s✐♦♥✳ ❚❤✐s ❛❧❧♦✇s ♦♥❡ t♦ ✉s❡ ❝♦♠♣❧❡① ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s ♦❢ ❛❞❤❡s✐✈❡
❝♦♥t❛❝t t♦ ❡☛❡❝t✐✈❡❧② ✐❞❡♥t✐❢② ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❢r♦♠ ❉❙■ r❡s✉❧ts✳ ■♥ t❤❡ ♣r❡s❡♥t
st✉❞② t❤❡ ❛s②♠♣t♦t✐❝ ♠♦❞❡❧ ❜② ❆r❣❛t♦✈ ❡t ❛❧✳ ❬✷✼❪ ✐s ✉s❡❞ ❢♦r ♥✉♠❡r✐❝❛❧ t❡st✐♥❣ ♦❢
t❤❡ ♣r♦♣♦s❡❞ ❡❇● ♠❡t❤♦❞✳ ■t ✐s s❤♦✇♥ ❤❡r❡ t❤❛t t❤❡ ❡❇● ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❛❞❤❡s✐✈❡
✐♥❞❡♥t❛t✐♦♥ ♦❢ ❝♦❛t❡❞✱ ♠✉❧t✐❧❛②❡r❡❞✱ ♦r ❢✉♥❝t✐♦♥❛❧❧②✲❣r❛❞❡❞ ♠❡❞✐❛❀ ❛s ❛♥ ❡①❛♠♣❧❡✱ ❛
♣r♦❜❧❡♠ ♦❢ ❛❞❤❡s✐✈❡ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ❛♥ ❡❧❛st✐❝ ❝♦❛t✐♥❣ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧✳
■♥ ❙❡❝t✐♦♥ ✹ ❛❝❝✉r❛❝②✱ r♦❜✉st♥❡ss ❛♥❞ ❝♦♥✈❡r❣❡♥❝❡ s♣❡❡❞ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛♣✲
♣r♦❛❝❤❡s ❛r❡ ❡①❛♠✐♥❡❞✳ ❚❤❡ r❡s✉❧ts ♦❢ ❛ ♥✉♠❜❡r ♦❢ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❛♥❞ t❤❡
r❡s✉❧ts ♦❢ ♣r♦❝❡ss✐♥❣ ❛ r❡❛❧ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛r❡ ♣r❡s❡♥t❡❞✳ ❙♦♠❡ s♣❡❝✐☞❝ ❛s♣❡❝t
r❡❧❛t❡❞ t♦ t❤❡ ❛❞❤❡s✐✈❡ ❉❙■ t❡sts ❛r❡ ❛❧s♦ ❞✐s❝✉ss❡❞✱ ❡✳❣✳ ♣r♦❜❧❡♠s r❡❧❛t❡❞ t♦ ✉♥✲
❦♥♦✇♥ ♦r✐❣✐♥ ♦❢ ❝♦♦r❞✐♥❛t❡s r❡❧❛t❡❞ t♦ t❤❡ P   ✍ ❝✉r✈❡✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ♦❢ ❡①tr❛❝t✐♦♥
♦❢ t❤❡ s♦✉❣❤t ✈❛❧✉❡s ❢r♦♠ r❡❛❧ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧✳ ❯s✐♥❣ t❤❡
❞❛t❛ ❢♦r ❡❧❛st✐❝ ❜✉❧❦ s❛♠♣❧❡s✱ ✐t ✐s s❤♦✇♥ t❤❛t t❤❡ ❡❇● ♠❡t❤♦❞ ✐s ❛t ❧❡❛st ❛s ❣♦♦❞
❛s t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞✳
✷ ❉❙■ ❛s ❛♥ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ♣r♦❜❧❡♠
❚♦ ❡①♣❧❛✐♥ t❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ t❤❡ ❇● ❛♥❞ ❡❇● ♠❡t❤♦❞s✱ ✇❡ ♥❡❡❞ ☞rst t♦ ❜r✐❡✌②
❞✐s❝✉ss t❤❡ ❝♦♠♠♦♥ ✉s❛❣❡ ❛♥❞ t❤❡ r❡s♣❡❝t✐✈❡ ❞r❛✇❜❛❝❦s ♦❢ t❤❡ tr❛❞✐t✐♦♥❛❧ ❉❙■ t❡❝❤✲
♥✐q✉❡s✱ ❛s ✇❡❧❧ ❛s t❤❡ ✐♥✌✉❡♥❝❡ ♦❢ ❛❞❤❡s✐♦♥ ✐♥ ❉❙■ ❡①♣❡r✐♠❡♥ts✳
❋✐rst ❉❙■ t❡❝❤♥✐q✉❡s ✇❡r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❧❛t❡ ✶✾✻✵s ❬✹❪✳ ❙❤♦rt❧②✱ ❇✉❧②❝❤❡✈ ❡t ❛❧✳ ❬✷✽❪
✇♦✉❧❞ r❡❛❧✐③❡ t❤❛t t❤❡ s❧♦♣❡ ♦❢ t❤❡ P   ✍ ❝✉r✈❡ ❝♦✉❧❞ ❜❡ ❧✐♥❦❡❞ t♦ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡
❡☛❡❝t✐✈❡ ✭r❡❞✉❝❡❞✮ ❝♦♥t❛❝t ❡❧❛st✐❝ ♠♦❞✉❧✉s ❊✄ ♦❢ t❤❡ ♣❛✐r ✧✐♥❞❡♥t❡r✲s♣❡❝✐♠❡♥✧✳ ❆s
❧♦♥❣ ❛s ❉❙■ t❡❝❤♥✐q✉❡s ✇❡r❡ ♦r✐❣✐♥❛❧❧② ❛♣♣❧✐❡❞ ✉s✐♥❣ s❤❛r♣ ♣②r❛♠✐❞❛❧ ✐♥❞❡♥t❡rs✱ ❧✐❦❡
t❤❡ ❇❡r❦♦✈✐❝❤ ✐♥❞❡♥t❡r ❬✷✾❪✱ ❇✉❧②❝❤❡✈ ❡t ❛❧✳ s✉❣❣❡st❡❞ t♦ ✉s❡ ❛ ❦♥♦✇♥ ❡①❛❝t r❡❧❛t✐♦♥
❢♦r t❤❡ s❧♦♣❡ ❙ ♦❢ t❤❡ P   ✍ ❝✉r✈❡ ❙ ❂ ❞P❂❞✍ ❂ ✷❊✄❛ ❢♦r ❛①✐s②♠♠❡tr✐❝ ✐♥❞❡♥t❡rs ✐♥
❛♥ ❛❧t❡r❡❞ ✇❛② ❬✷✽❪ ✭t❤❡ s♦✲❝❛❧❧❡❞ ❇❆❙❤ r❡❧❛t✐♦♥✮✿
❙ ❂ ❞P❂❞✍ ❂ ✷❊✄
♣
❆❂✙✿ ✭✶✮
■♥ ❢❛❝t✱ t❤❡ ❝♦♥t❛❝t r❛❞✐✉s ❛ ✇❛s r❡♣❧❛❝❡❞ ✇✐t❤ t❤❡ ❡①♣r❡ss✐♦♥
♣
❆❂✙✱ ✇❤❡r❡ ❆ ✐s t❤❡
❝✉rr❡♥t ❝♦♥t❛❝t ❛r❡❛✱ t❤✉s ♠❛❦✐♥❣ t❤❡ ❢♦r♠✉❧❛ ♥♦t ❡①❛❝t✱ ❜✉t r❛t❤❡r ❛♥ ❛♣♣r♦①✐♠❛t❡
r❡❧❛t✐♦♥✳ ❍❡r❡ ❊✄ ❞❡♥♦t❡s t❤❡ ❡☛❡❝t✐✈❡ ✭r❡❞✉❝❡❞✮ ❝♦♥t❛❝t ❡❧❛st✐❝ ♠♦❞✉❧✉s✿ ✭❊✄✮ ✶ ❂
✭✶ ✗✷✮❂❊✰✭✶ ✗✷✐ ✮❂❊✐✱ ✇❤❡r❡ t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✐ ❛♥❞ P♦✐ss♦♥✬s r❛t✐♦s ♦❢ t❤❡ s♣❡❝✐♠❡♥
❛♥❞ t❤❡ ✐♥❞❡♥t❡r ❛r❡ ❞❡♥♦t❡❞ ❛s ❊✱ ✗✱ ❛♥❞ ❊✐ ❛♥❞ ✗✐ r❡s♣❡❝t✐✈❡❧② ✭✐❢ t❤❡ ✐♥❞❡♥t❡r ✐s
r✐❣✐❞✱ ✐✳❡✳ ❊✐ ❂✶✱ t❤❡♥ ❊✄ ❂ ❊❂✭✶  ✗✷✮✮✳
❚❤❡ ❇❆❙❤ r❡❧❛t✐♦♥ ✭✶✮ ✇❛s t❤❡♥ ❛♣♣❧✐❡❞ t♦ t❤❡ ❝❛s❡ ♦❢ ♣②r❛♠✐❞❛❧ ✐♥❞❡♥t❡rs
❛♥❞ ❤❛s ❜❡❝♦♠❡ t❤❡ ❝♦r♥❡r st♦♥❡ ♦❢ ♠♦❞❡r♥ ✐♥str✉♠❡♥t❡❞ ✐♥❞❡♥t❛t✐♦♥✳ ❍♦✇❡✈❡r✱
t❤❡r❡ ❛r❡ ✈❛r✐♦✉s ❝♦♠♣❧✐❝❛t✐♦♥s ✐♥ ❝❧❡❛r❧② ✐♥t❡r♣r❡t✐♥❣ t❤❡ ✐♥❞❡♥t❛t✐♦♥ r❡s✉❧ts✱ ❡✳❣✳✱
❛ ❝♦♠♣❧✐❝❛t✐♦♥ ❛r✐s❡s ❢r♦♠ t❤❡ ❭♣✐❧❡✲✉♣✧ ♦r ❭s✐♥❦✲✐♥✧ ♦❢ t❤❡ ♠❛t❡r✐❛❧ ❛r♦✉♥❞ t❤❡
✐♥❞❡♥t❡r ✭s❡❡✱ ❡✳❣✳ ❬✸✵❪✮✳ ■♥❞❡❡❞✱ ♦♥❡ ✇♦✉❧❞ ♥❡❡❞ t♦ s♦❧✈❡ ❛ ✈❡r② ❝♦♠♣❧❡① ❝♦♥t❛❝t
♣r♦❜❧❡♠ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❝✉rr❡♥t ❝♦♥t❛❝t ❛r❡❛ ❆ ❛♥❛❧②t✐❝❛❧❧②✳ ❚❤❡r❡❢♦r❡✱ ✈❛r✐♦✉s
s❡♠✐✲❡♠♣✐r✐❝❛❧ ♣r♦❝❡❞✉r❡s ❢♦r ❡st✐♠❛t✐♦♥s ♦❢ ❆ ❤❛✈❡ ❜❡❡♥ ✐♥tr♦❞✉❝❡❞✱ ❢♦r ✐♥st❛♥❝❡✱
t❤❡ ♦♥❡ ❞❡s❝r✐❜❡❞ ❜② ❖❧✐✈❡r ❛♥❞ P❤❛rr ❬✶✺❪✳
❉❡s♣✐t❡ ✐ts ♣♦♣✉❧❛r✐t② ❛♥❞ ❜❡✐♥❣ ❞❡ ❢❛❝t♦ ❛♥ ✐♥❞✉str✐❛❧ st❛♥❞❛r❞ ❬✸✶❪✱ t❤❡ ❖❧✐✈❡r
❛♥❞ P❤❛rr ✭❖P✮ ❛♣♣r♦❛❝❤ ❤❛s s✉❝❤ ✐♥tr✐♥s✐❝ ❞r❛✇❜❛❝❦s ❛s ❞❡str✉❝t✐✈❡ ♥❛t✉r❡ ❛♥❞
✐♥❛❜✐❧✐t② t♦ ❛❝❝♦✉♥t ❛❞❤❡s✐♦♥✳ ❲❡ ❤❛✈❡ t♦ ✉♥❞❡r❧✐♥❡ t❤❛t t❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ t❤❡
❇❆❙❤ ❢♦r♠✉❧❛ ✭✶✮ ❛♥❞ t❤❡ ❖P ❛♣♣r♦❛❝❤ ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❛ss✉♠♣t✐♦♥s ♦❢ ♥♦♥✲
❛❞❤❡s✐✈❡ ❍❡rt③ ❝♦♥t❛❝t t❤❡♦r② ❛♥❞ ❡✈❡♥ ✐❢ t❤❡ ❛r❡❛ ♦❢ t❤❡ ❝✉rr❡♥t ❝♦♥t❛❝t r❡❣✐♦♥ ✐s
❝❛❧❝✉❧❛t❡❞ ❡①❛❝t❧②✱ t❤❡② ❝❛♥♥♦t ❜❡ ✉s❡❞ ❢♦r ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s
♦❢ ❝♦♥t❛❝t✐♥❣ ♠❛t❡r✐❛❧s✳ ❆s ✐t ✐s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ■♥tr♦❞✉❝t✐♦♥✱ t❤❡r❡ ✐s ❛ ♥✉♠❜❡r ♦❢
✐♠♣♦rt❛♥t ❝❛s❡s ✐♥ ✇❤✐❝❤ t❤❡ ❖P ❛♣♣r♦❛❝❤ ✐s ✉♥❞❡s✐r❡❞✱ ♦r ❝❛♥♥♦t ❜❡ ✉s❡❞ ♣r♦♣❡r❧②✳
❙❡❡ ❛❧s♦ ❞✐s❝✉ss✐♦♥s ✐♥ ❬✼✱ ✶✵✱✸✷✱✸✸❪✳
■♥❡✈✐t❛❜❧❡ ♣r❡s❡♥❝❡ ♦❢ ❛❞❤❡s✐♦♥ ✐♥ ❡✈❡r② ❉❙■ ❡①♣❡r✐♠❡♥t ❤❛s t✇♦ ❛s♣❡❝ts✳ ❚❤❡
☞rst ❛s♣❡❝t ♦❢ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛❞❤❡s✐♦♥ ✐♥ ❉❙■ ✐s t❤❛t ❉❙■ ❝❛♥ ❜❡ s♣❡❝✐☞❝❛❧❧② ✉s❡❞
t♦ ❞❡t❡r♠✐♥❡ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s ♦❢ ♠❛t❡r✐❛❧s ❬✺✱ ✻✱ ✸✹④✸✻❪✳
■♥ s♣✐t❡ ♦❢ ❝♦♥s✐❞❡r❛❜❧❡ ❡☛♦rts ❛♣♣❧✐❡❞ t♦ st✉❞✐❡s ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ♣r♦❜❧❡♠s✱
♦♥❧② t❤❡ ❝❧❛ss✐❝ t❤❡♦r✐❡s ♦❢ ❛❞❤❡s✐✈❡ ❢r✐❝t✐♦♥❧❡ss ❝♦♥t❛❝t ❛r❡ ✇❡❧❧ ❡st❛❜❧✐s❤❡❞✱ ✐♥❝❧✉❞✐♥❣
t❤❡ ❏❑❘ ❬✸✼❪✱ ❉▼❚ ❬✸✽❪ ❛♥❞ ▼❛✉❣✐s ✭s❡❡ ❡✳❣✳ ❬✸✾❪✮ t❤❡♦r✐❡s✳ ❚❤❡s❡ ❝❧❛ss✐❝ t❤❡♦r✐❡s
❛❧❧♦✇ ❡①♣❧✐❝✐t r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ P   ✍ ❝✉r✈❡ ♦♥❧② ✐❢ ❛♥ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡ ✐s ❧♦❛❞❡❞
❜② ❛ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r✳ ❚❤❡ ❧❛tt❡r ❢❛❝t ❛❧❧♦✇s t❤❡ ✐❞❡♥t✐☞❝❛t✐♦♥ ♦❢ t❤❡ ✇♦r❦ ♦❢
❛❞❤❡s✐♦♥ ✇ ❜❛s❡❞ ♦♥ t❤❡ ✉s❡ ♦❢ ❞✐r❡❝t ♠❡t❤♦❞s ❬✺✱ ✻❪✳ ❚❤❡ ❞✐s❝✉ss❡❞ ♠❡t❤♦❞s ✈❛r②
❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡✈✐❝❡ ❛♥❞ t❤❡ t❤❡♦r② ❡♠♣❧♦②❡❞✳ ❆♣♣❛r❡♥t❧②✱ t❤❡ ♠♦st ♣♦♣✉❧❛r
❛♣♣r♦❛❝❤ ❢♦r ❡st✐♠❛t✐♦♥s ♦❢ t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❞✐r❡❝t ❡①♣❡r✐♠❡♥t❛❧
♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❛❞❤❡r❡♥❝❡ ❢♦r❝❡ P❛❞❤ ❜❡t✇❡❡♥ ❛ s♣❤❡r❡ ♦❢ r❛❞✐✉s ❘ ❛♥❞ ❛♥
❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡ ✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ t❤❡ ✉s❡ ♦❢ t❤❡ ❏❑❘ ♠♦❞❡❧✳ ❆ss✉♠✐♥❣ t❤❛t
t❤❡ s✉r❢❛❝❡s ♦❢ t❤❡ t❡st❡❞ s❛♠♣❧❡ ❛♥❞ t❤❡ ♣r♦❜❡ ❛r❡ ✐❞❡❛❧❧② s♠♦♦t❤✱ ❛♥❞ ❛♣♣❧②✐♥❣






❍♦✇❡✈❡r✱ t❤❡ ✈❛❧✉❡s ♦❢ P❛❞❤ ♦❜t❛✐♥❡❞ ❜② ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥ts ❤❛✈❡ ✉s✉❛❧❧② ♣♦♦r
r❡♣r♦❞✉❝✐❜✐❧✐t② ❜❡❝❛✉s❡ t❤❡ t❡♥s✐❧❡ ✭❛❞❤❡s✐✈❡✮ ♣❛rt ♦❢ t❤❡ P   ✍ ❞✐❛❣r❛♠ ♠❛② ❜❡
❣r❡❛t❧② ✐♥✌✉❡♥❝❡❞ ❜② s✉r❢❛❝❡ r♦✉❣❤♥❡ss ♦❢ t❤❡ s♣❡❝✐♠❡♥✳ ●r✐❡rs♦♥ ❡t ❛❧✳ ❬✹✵❪ ❛r❣✉❡
t❤❛t ♣✉❧❧✲♦☛ ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ✐♥✌✉❡♥❝❡❞ ❜② ❛ ♥✉♠❜❡r ♦❢ ❢❛❝t♦rs ✭❡s♣❡❝✐❛❧❧② ❛t
♥❛♥♦✲s❝❛❧❡✮ s✉❝❤ ❛s t❤❡ r♦✉❣❤♥❡ss ♦❢ ❝♦♥t❛❝t✐♥❣ s✉r❢❛❝❡s ✭s❡❡ ❛❧s♦ ❬✾❪✮ ❛♥❞ s✉r❢❛❝❡
❝❤❡♠✐str②✱ ✇❡❛r ♦❢ ❉❙■ ♣r♦❜❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ♠♦❞✐☞❝❛t✐♦♥ ♦❢ ✐ts s✉r❢❛❝❡ ✭✐♥ ❝❛s❡ ♦❢
❉❙■ ❜② ♠❡❛♥s ♦❢ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❆❋▼✮✮ ❡t❝✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t❡♥s✐❧❡ ♣❛rt
♦❢ ❉❙■ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❞✐❛❣r❛♠ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ✉♥st❛❜❧❡ ❛♥❞ ❧❡ss tr✉st✇♦rt❤②✳
❍❡♥❝❡✱ ♦♥❡ ♥❡❡❞s t♦ ❤❛✈❡ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❡①♣❡r✐♠❡♥t❛❧ ♠❡❛s✉r❡♠❡♥ts t♦ ❡st✐✲
♠❛t❡ ✇ ♣r♦♣❡r❧② ✉s✐♥❣ ❊q✳ ✭✷✮ ♦r ✉s✐♥❣ ❛ s✐♠✐❧❛r ♠❡t❤♦❞ ❜❛s❡❞ ♦♥ ❞✐r❡❝t ♠❡❛s✉r❡✲
♠❡♥ts ♦❢ t❤❡ ❢♦r❝❡ ♦❢ ❛❞❤❡s✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ t❡❝❤♥✐q✉❡s✱ ✇❤✐❝❤ ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞
❢♦r ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ❢r♦♠ ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❛❞❤❡s✐✈❡
❢♦r❝❡✱ ❛r❡ ✈❛❧✐❞ ♠♦st❧② ❢♦r ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s ✇❤❡♥ t❤❡ ❏❑❘ t❤❡♦r② ✐s ❛♣♣❧✐❝❛✲
❜❧❡ ❬✸✾❪✳
❚❤❡ s❡❝♦♥❞ r❡❛s♦♥ t♦ st✉❞② ❉❙■ ❛s ❛♥ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ♣r♦❜❧❡♠ ✐s t❤❛t ❛❞❤❡✲
s✐♦♥ ❝❛♥ ❞✐st♦rt t❤❡ r❡s✉❧ts ♦❢ ❛ ❉❙■ ❡①♣❡r✐♠❡♥t✱ ✐❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❛♣♣r♦❛❝❤ ❞♦❡s
♥♦t t❛❦❡ ❛❞❤❡s✐♦♥ ✐♥t♦ ❛❝❝♦✉♥t ❬✶✶❪✳ ❚❤✐s ♣♦✐♥t ✐s s✉♣♣♦rt❡❞ ❜② ♦t❤❡r ❛✉t❤♦rs✱ ❡✳❣✳
❑♦❤♥ ❛♥❞ ❊❜❡♥st❡✐♥ ❬✹✶❪ st❛t❡❞ t❤❛t ✧❛❧t❤♦✉❣❤ ❛❞❤❡s✐♦♥ ❧❡❛❞s t♦ ♦✈❡r❡st✐♠❛t✐♦♥ ♦❢
t❤❡ ♠♦❞✉❧✉s ♦❢ ❝♦♠♣❧✐❛♥t s❛♠♣❧❡s ✇❤❡♥ ❛♥❛❧②③✐♥❣ ♥❛♥♦✐♥❞❡♥t❛t✐♦♥ ❞❛t❛ ✉s✐♥❣ tr❛✲
❞✐t✐♦♥❛❧ ❛♥❛❧②s✐s t❡❝❤♥✐q✉❡s✱ ♠♦st st✉❞✐❡s ♦❢ ❜✐♦♠❛t❡r✐❛❧s ❤❛✈❡ ✐❣♥♦r❡❞ ✐ts ❡☛❡❝ts✧✳
❚❤❡ s❛♠❡ r❡❢❡r❡♥❝❡ s✉❣❣❡sts t❤❛t ✧❝♦♠♣❧✐❛♥t✱ ❤②❞r❛t❡❞ ♠❛t❡r✐❛❧s ❡①❤✐❜✐t ✈❡r② ❞✐❢✲
❢❡r❡♥t ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦rs r❡❧❛t✐✈❡ t♦ ♠✐♥❡r❛❧✐③❡❞ t✐ss✉❡s✱ ❛♥❞ r❡q✉✐r❡ s✐❣♥✐☞❝❛♥t
♠♦❞✐☞❝❛t✐♦♥s t♦ tr❛❞✐t✐♦♥❛❧ ✐♥❞❡♥t❛t✐♦♥ ♠❡t❤♦❞s t♦ ♠❡❛s✉r❡ ❛❝❝✉r❛t❡ ♠♦❞✉❧✉s ✈❛❧✲
✉❡s✧✳
❆s ❧♦♥❣ ❛s t❤❡ ❜❛s❡ ✐♥❞❡♥t❛t✐♦♥ ♠❡t❤♦❞ ✐s ❜❛s❡❞ ♦♥ ❛ ♥♦♥✲❛❞❤❡s✐✈❡ ❝♦♥t❛❝t
t❤❡♦r②✱ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ s♦♠❡ ❡①tr❛ ❝♦rr❡❝t✐♦♥ st❡♣s ❛r❡ ♥❡❡❞❡❞ ❬✹✶✱ ✹✷❪✳ ❍♦✇❡✈❡r✱ ✐❢
❛❞❤❡s✐♦♥ ❝❛♥♥♦t ❜❡ ♥❡❣❧❡❝t❡❞✱ t❤❡ ❡♥t✐r❡ ♠❡t❤♦❞♦❧♦❣② s❤♦✉❧❞ ❜❡ r❛t❤❡r ❜✉✐❧t ❛r♦✉♥❞
❛♥ ❛♣♣r♦❛❝❤ t❤❛t t❛❦❡s ❛❞❤❡s✐♦♥ ✐♥t♦ ❛❝❝♦✉♥t ✐♥tr✐♥s✐❝❛❧❧②✳ ❚❤✐s ✇❛s t❤❡ ♠❛✐♥
♠♦t✐✈❛t✐♦♥ t❤❛t ❧❡❛❞ t♦ t❤❡ ❝r❡❛t✐♦♥ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣
s✉❜s❡❝t✐♦♥✳
✸ ❚❤❡ ❇● ♠❡t❤♦❞ ❛♥❞ ✐ts ❡①t❡♥s✐♦♥s
■t ✐s ✐♠♣♦rt❛♥t t♦ ♠❡♥t✐♦♥ t❤❛t✱ ❜r♦❛❞❧② s♣❡❛❦✐♥❣✱ ✇❡ s❡❡ t❤❡ ❇● ♠❡t❤♦❞ ♥♦t ❥✉st
❛s ❛ ☞tt✐♥❣ ♣r♦❝❡❞✉r❡✱ ❜✉t r❛t❤❡r ❛s ❛ ❢r❛♠❡✇♦r❦ t❤❛t ❝♦♠❜✐♥❡s ✈❛r✐♦✉s t❡❝❤♥✐q✉❡s
✐♥ ❛ s✐♥❣❧❡ ♣r♦❝❡❞✉r❡✱ s✐♠✐❧❛r❧② t♦ t❤❡ ✇❡❧❧✲❦♥♦✇♥ ✐♥str✉♠❡♥t❛❧ ✐♥❞❡♥t❛t✐♦♥ ♠❡t❤♦❞
✐♥tr♦❞✉❝❡❞ ❜② ❖❧✐✈❡r ❛♥❞ P❤❛rr ❬✶✺✱✸✶❪✳ ❚❤❡ ☞rst st❡♣ ♦❢ ❜♦t❤ t❤❡ ❇● ❛♥❞ ❡①t❡♥❞❡❞
❇● ✭❡❇●✮ ♠❡t❤♦❞s✱ ♣r❡s❡♥t❡❞ ❤❡r❡✱ ✐s ✐♥❞❡♥t❛t✐♦♥ ❜② ❛ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r ✭❛❧t❤♦✉❣❤
t❤❡ s♣❤❡r✐❝❛❧ s❤❛♣❡ ✐s ♥♦t ♥❡❝❡ss❛r② ❢♦r t❤❡ ♠❡t❤♦❞s✱ t❤✐s s❤❛♣❡ ♣r♦✈✐❞❡s ❛ ♥✉♠❜❡r
♦❢ ❛❞✈❛♥t❛❣❡s t❤❛t ❛r❡ ❞✐s❝✉ss❡❞ ❛❜♦✈❡✱ s✉❝❤ ❛s ♥♦♥✲❞❡str✉❝t✐✈❡ ♥❛t✉r❡✱ ❡t❝✳✮ ❚❤❡
s❡❝♦♥❞ st❡♣ ❝♦♥s✐sts ♦❢ ♣r❡❧✐♠✐♥❛r② ❝❤♦✐❝❡ ♦❢ t❤❡ t❤❡♦r② ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t t♦ ❜❡
✉s❡❞ ✭❏❑❘✱ ▼❛✉❣✐s✱ ❉▼❚✱ ❡t❝✳✮✱ ❛♥❞ ☞tt✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧
♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r♦❝❡ss t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✱ t❤✉s ❡✈❛❧✉❛t✐♥❣ ✉♥❦♥♦✇♥ ♠❛t❡✲
r✐❛❧ ♣r♦♣❡rt✐❡s✳ ❚❤❡ t❤✐r❞ st❡♣ ✐s t❤❡ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ✐♥✐t✐❛❧ ❝❤♦✐❝❡ ♦❢ t❤❡ t❤❡♦r② ♦❢
❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ✉s❡❞ ✐♥ st❡♣ t✇♦✳ ■t ✐s ❞♦♥❡ ✈✐❛ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❚❛❜♦r✲▼✉❧❧❡r ♣❛✲
r❛♠❡t❡r ✉s✐♥❣ t❤❡ ❡st✐♠❛t❡❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✳ ❚❤❡ ❚❛❜♦r✲▼✉❧❧❡r ♣❛r❛♠❡t❡r s❡♣✲
❛r❛t❡s t❤❡ ❞♦♠❛✐♥s ♦❢ ❛♣♣❧✐❝❛❜✐❧✐t② ♦❢ ❞✐☛❡r❡♥t t❤❡♦r✐❡s ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t✳ ❍❡♥❝❡✱
✐❢ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡ ❞♦❡s ♥♦t ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✐♥✐t✐❛❧❧② ✉s❡❞ t❤❡♦r② ♦❢ ❛❞❤❡s✐✈❡
❝♦♥t❛❝t✱ ❛♥♦t❤❡r t❤❡♦r② ❛♥❞ ❛ ❞✐☛❡r❡♥t ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ s❤♦✉❧❞ ❜❡ ❝❤♦s❡♥ ❛♥❞
t❤❡ ☞tt✐♥❣ ♣r♦❝❡❞✉r❡ s❤♦✉❧❞ ❜❡ r❡♣❡❛t❡❞✳
■♥ t❤❡ ♣r❡s❡♥t s❡❝t✐♦♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥ts r❡❧❛t❡❞ t♦ ☞tt✐♥❣ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✐♥
t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ❛r❡ ❞✐s❝✉ss❡❞✱ ✇❤❡r❡❛s s❡❝t✐♦♥ ✹✳✸ ❞❡♠♦♥str❛t❡s
✇❤❛t t❤❡ ❝♦♠♣❧❡t❡ ✇♦r❦✌♦✇ ♦❢ t❤❡ ❇●✴❡❇● ♠❡t❤♦❞ ♠❛② ❧♦♦❦ ❧✐❦❡✱ ✐♥❝❧✉❞✐♥❣ t❤❡
✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ✐♥✐t✐❛❧ ❝❤♦✐❝❡ ♦❢ t❤❡ t❤❡♦r② ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ✉s❡❞ ❢♦r ❝♦♠♣✉t❛✲
t✐♦♥s✳
✸✳✶ ❚❤❡ ❇● ♠❡t❤♦❞
❋✐rst ✇❡ ❝♦♥s✐❞❡r t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞ ❛s t❤❡ ❣r♦✉♥❞ ❢♦r ♦✉r s✉❜s❡q✉❡♥t ❝♦♥s✐❞✲
❡r❛t✐♦♥s✳ ❚❤❡ ❇● ♠❡t❤♦❞ ✇❛s ❞❡✈❡❧♦♣❡❞ ❢♦r s✐♠✉❧t❛♥❡♦✉s ❡✈❛❧✉❛t✐♦♥ ♦❢ ❡❧❛st✐❝ ❛♥❞
❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s ♦❢ ❜✉❧❦ ✐s♦tr♦♣✐❝ ♠❛t❡r✐❛❧ s❛♠♣❧❡s ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ ❡✐t❤❡r
❏♦❤♥s♦♥✲❑❡♥❞❛❧❧✲❘♦❜❡rts ✭❏❑❘✮ ♦r ❉❡r✐❛❣✉✐♥✲▼✉❧❧❡r✲❚♦♣♦r♦✈ ✭❉▼❚✮ t❤❡♦r✐❡s ♦❢
❛❞❤❡s✐✈❡ ❝♦♥t❛❝t✳ ■♥ ❢❛❝t✱ ✐t ✐s ❛ ♠♦❞❡❧✲❜❛s❡❞ ♠❡t❤♦❞✱ ✐✳❡✳ ❛ ♣r❡✲❜✉✐❧t ♠❛t❤❡♠❛t✐❝❛❧
♠♦❞❡❧ ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r♦❝❡ss ✐♥ t❤❡ ❢♦r♠ ♦❢ P ✍ ❝✉r✈❡ ✐s ✉s❡❞ ✇❤❡r❡ ❛♥ ❡①♣❡❝t❡❞
r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡❞ ❢♦r❝❡ ❛♥❞ ❞✐s♣❧❛❝❡♠❡♥t ✈❛❧✉❡s ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s t❤❡










❚❤❡ ❡①❛❝t ❢♦r♠ ♦❢ t❤✐s r❡❧❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❛ss✉♠❡❞ ♣❤②s✐❝❛❧ ♠♦❞❡❧ ♦❢ ❛❞✲
❤❡s✐✈❡ ❝♦♥t❛❝t ✭❏❑❘✱ ❉▼❚✱ ❡t❝✮✳ ◆♦t❡ t❤❛t ❡q✉❛t✐♦♥ ✭✸✮ r❡♣r❡s❡♥ts t❤❡ P   ✍
❝✉r✈❡ ✉s✐♥❣ ❞✐♠❡♥s✐♦♥❧❡ss ❢♦r❝❡ P❂P❝ ❛♥❞ ❞✐♠❡♥s✐♦♥❧❡ss ❞✐s♣❧❛❝❡♠❡♥t ✍❂✍❝✳ ❚❤❡
♣❛r❛♠❡t❡rs P❝ ❃ ✵ ❛♥❞ ✍❝ ❃ ✵ ❛r❡ s♦✲❝❛❧❧❡❞ ❝❤❛r❛❝t❡r✐st✐❝ ✭♦r s❝❛❧✐♥❣✮ ♣❛r❛♠❡t❡rs ♦❢
t❤❡ ♣r♦❜❧❡♠✳ ❚❤❡② ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ ✉♥❦♥♦✇♥ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ✈✐❛ ❞❡♣❡♥❞❡♥❝✐❡s
✇❤✐❝❤ ❛r❡ ❦♥♦✇♥ ❛ ♣r✐♦r✐ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤❡ ❝❤♦s❡♥ ❝♦♥t❛❝t ♠♦❞❡❧✳
❋♦r ❡①❛♠♣❧❡✱ ❢♦r t❤❡ ❏❑❘ t❤❡♦r② ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ s♣❤❡r✐❝❛❧

































✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs P❝ ❛♥❞ ✍❝ ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡













❚❤❡ ❛❜♦✈❡ s❝❛❧✐♥❣ ♣❛r❛♠❡t❡rs ✇❡r❡ ❛❧s♦ ✉s❡❞ t♦ ❝♦♥str✉❝t ❞✐♠❡♥s✐♦♥❛❧ ❢♦r♠ ♦❢ t❤❡
❏❑❘ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t r❡❧❛t✐♦♥ ✐♥ t❤❡ ♣❛♣❡rs ❜② ❇♦r♦❞✐❝❤ ❡t ❛❧✳ ❬✶✶④✶✹✱✷✵❪✳
■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❏❑❘ t❤❡♦r② t❤❡ ♣❛r❛♠❡t❡rs P❝ ❛♥❞ ✍❝ ❤❛✈❡ ❝❧❡❛r ♣❤②s✐❝❛❧
♠❡❛♥✐♥❣s✱ ❡✳❣✳ P❝ ✐s t❤❡ ♠❛①✐♠✉♠ ♣♦ss✐❜❧❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ♦❢ t❤❡ ♣✉❧❧✲♦☛ ❢♦r❝❡ ❞✉r✐♥❣
✉♥❧♦❛❞✐♥❣ ♣❤❛s❡ ♦❢ ✐♥❞❡♥t❛t✐♦♥✳ ■❢ ❛♥♦t❤❡r t❤❡♦r② ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ✐s ✉s❡❞✱ t❤❡♥
♦♥❡ ♥❡❡❞s t♦ ✇r✐t❡ ♦t❤❡r ❡q✉❛t✐♦♥s ✐♥st❡❛❞ ♦❢ ✭✹✮ ❛♥❞ t❤❡r❡❢♦r❡✱ P❝ ❛♥❞ ✍❝ ❛r❡ ❥✉st
s❝❛❧✐♥❣ ♣❛r❛♠❡t❡rs t❤❛t ❤❛✈❡ ❛ ❞✐☛❡r❡♥t ♣❤②s✐❝❛❧ ♠❡❛♥✐♥❣ t❤❛♥ ❞✐s❝✉ss❡❞ ❛❜♦✈❡✳
▲❡t ✉s ❝♦♥s✐❞❡r t❤❡ ♦✉t❝♦♠❡s ♦❢ ◆ ♠❡❛s✉r❡♠❡♥ts ✭✍✐❀ P✐✮ ❀ ✐ ❂ ✶ ✿ ✿ ✿ ◆ ♦❢ t❤❡
✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ ✍✐ ❛♥❞ ✐♥❞❡♥t❛t✐♦♥ ❢♦r❝❡ P✐ ❞✉r✐♥❣ ❉❙■✳ ■❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡
❡rr♦r✲❢r❡❡✱ t❤❡♥ ❡❛❝❤ ❞❛t❛ ♣♦✐♥t ✭✍✐❀ P✐✮ ❜❡❧♦♥❣s t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ P   ✍ ❝✉r✈❡✳









❂ ✵❀ ✐ ❂ ✶ ✿ ✿ ✿ ◆ ✿ ✭✻✮
❍❡♥❝❡✱ ❛♥② t✇♦ ♦❢ ❡q✉❛t✐♦♥s ✭✻✮ ❝♦✉❧❞ ❜❡ ♣✐❝❦❡❞ ❛♥❞ s♦❧✈❡❞ t♦ ☞♥❞ t❤❡ ✉♥❦♥♦✇♥s P❝
❛♥❞ ✍❝✱ ❛♥❞ ✇❡ ❝❛♥ ✉s❡ t❤r❡❡ ❡q✉❛t✐♦♥s ✐❢ ✇❡ ❛❞❞ t♦ t❤❡ s♦✉❣❤t ✈❛❧✉❡s t❤❡ ✉♥❦♥♦✇♥
s❤✐❢t ✍s ♦❢ ❝♦♦r❞✐♥❛t❡ ♦r✐❣✐♥ ♦❢ t❤❡ P   ✍ ❝✉r✈❡✳
■♥ ❢❛❝t✱ t❤❡ r❡❛❧ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❝♦♥t❛✐♥s ♠❡❛s✉r❡♠❡♥t ❡rr♦rs ❛♥❞ t❤❡r❡❢♦r❡✱
❛❧❧ t❤❡ ❡①♣r❡ss✐♦♥s ✐♥ ✭✻✮ ❝❛♥♥♦t ❜❡ tr✉❡ s✐♠✉❧t❛♥❡♦✉s❧②✳ ❚❤✐s ♠❡❛♥s t❤❛t ✭✻✮ ✐s ❛♥
♦✈❡r❞❡t❡r♠✐♥❡❞ s②st❡♠ ♦❢ ♥♦♥✲❧✐♥❡❛r ❡q✉❛t✐♦♥s ✇✐t❤ r❡s♣❡❝t t♦ P❝ ❛♥❞ ✍❝ t❤❛t ❤❛s ♥♦
s♦❧✉t✐♦♥ ✐♥ ❝❧❛ss✐❝❛❧ s❡♥s❡✳ ❍♦✇❡✈❡r✱ ♦♥❡ ❝❛♥ ☞♥❞ s♦♠❡ ♦♣t✐♠❛❧ ✈❛❧✉❡s ♦❢ P❝ ❛♥❞ ✍❝
❜② ♠❡❛♥s ♦❢ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ ❛ ❝❡rt❛✐♥ ♠❡❛s✉r❡ ♦❢ t❤❡ t♦t❛❧ ✧❡rr♦r✧ ♣r♦❞✉❝❡❞ ✐♥ ✭✻✮✳
❙✉❝❤ ♠❡❛s✉r❡ ❝❛♥ ❜❡ ❛ ♥♦r♠ ♦❢ t❤❡ s❡t ♦❢ r❡s✐❞✉❛❧s ✐♥ ✭✻✮✳ ■❢ ♦♥❡ s❡❧❡❝ts t❤❡ ♠❡❛♥
sq✉❛r❡ r❡s✐❞✉❛❧ ❛s t❤❡ ♠❡❛s✉r❡ ♦❢ t❤❡ t♦t❛❧ ✧❡rr♦r✧ ✐♥ ✭✻✮✱ t❤❡♥ t❤❡ ♦♣t✐♠❛❧ ✈❛❧✉❡s
♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs P ✄❝ ❀ ✍
✄
❝ ❝❛♥ ❜❡ ❢♦✉♥❞ ❛s t❤❡ r❡s✉❧t ♦❢ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢
t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ♦❢ t❤❡ ♣r♦❜❧❡♠ ✟✭P❝❀ ✍❝✮✿















❆s t❤❡ r❡s✉❧t✱ t❤❡ ♦♣t✐♠❛❧ ✈❛❧✉❡s ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs ❛❧❧♦✇ ♦♥❡ t♦
❜❡st ☞t t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✐♥ t❤❡
s❡♥s❡ ♦❢ t❤❡ ♠❡tr✐❝ ✭✽✮✳ ■♥ ❝♦♠♣❛r✐s♦♥ t♦ ♦t❤❡r ☞tt✐♥❣ ❛♣♣r♦❛❝❤❡s✱ t❤❡ ❇● ♠❡t❤♦❞
✭✼✮✲✭✽✮ ❤❛s ✐ts ♦✇♥ ❞✐st✐♥❝t✐✈❡ ❢❡❛t✉r❡s✿
✭✐✮ ❚❤❡ ♠❡tr✐❝ ✭✽✮ ❞✐☛❡rs ❢r♦♠ t❤❡ ♦♥❡ ♥♦r♠❛❧❧② ✐♥tr♦❞✉❝❡❞ ✐♥ ❧❡❛st✲sq✉❛r❡s ❝✉r✈❡
☞tt✐♥❣ ✭▲❙❋✮✱ t❤❡r❡❢♦r❡ ♣r♦❞✉❝✐♥❣ ❞✐☛❡r❡♥t ♦♣t✐♠✉♠ ♣♦✐♥t✳ ■♥ ❢❛❝t✱ t❤❡ ▲❙❋ ❛♣✲
♣r♦❛❝❤ ♠✐♥✐♠✐③❡s t❤❡ ☞tt✐♥❣ r❡s✐❞✉❛❧ ✇✐t❤ r❡s♣❡❝t t♦ ♦♥❧② ♦♥❡ ✈❛r✐❛❜❧❡✳ ❚❤❡r❡❢♦r❡✱ ✐t
✐s ✐♠♣❧✐❝✐t❧② s✉♣♣♦s❡❞ t❤❛t t❤❡ s❡❝♦♥❞ ✈❛r✐❛❜❧❡ ✐s ❡rr♦r✲❢r❡❡ ✇❤✐❝❤ ✐s ♥♦t t❤❡ ❝❛s❡ ✐♥
❛♥② r❡❛❧ ❡①♣❡r✐♠❡♥t✳ ❚❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞ ❞♦❡s ♥♦t ❤❛✈❡ t❤❡ ❛❜♦✈❡ ❛ss✉♠♣t✐♦♥✳
✭✐✐✮ ❚❤❡ ♠❡t❤♦❞ ✉s❡s ☞tt✐♥❣ ❝✉r✈❡ ✇r✐tt❡♥ ✐♥ ❞✐♠❡♥s✐♦♥❧❡ss ❢♦r♠ ✇❤✐❝❤ ❛❧❧♦✇s t♦
tr❡❛t q✉❛♥t✐t✐❡s ♦❢ ❞✐☛❡r❡♥t ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ✐♥ t❤❡ s❛♠❡ ✇❛②✳
✭✐✐✐✮ ❚❤❡ ☞tt✐♥❣ ♣r♦❝❡ss ✐s ♣❡r❢♦r♠❡❞ t❤r♦✉❣❤ ❛❞❥✉st✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝ s❝❛❧❡s P❝
❛♥❞ ✍❝ ❜✉t ♥♦t t❤❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✳
■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♠❡t❤♦❞ s✉❝❝❡ss❢✉❧❧② ❛❧❧♦✇s t♦ ❡st✐♠❛t❡ ❊✄ ❛♥❞ ✇ ✉s✐♥❣ ♦♥❧②
❝♦♠♣r❡ss✐✈❡ ♣❛rt ♦❢ t❤❡ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❞❛t❛ ✐❢ ♥❡❡❞❡❞✱ ❤❡♥❝❡✱ ✉s✐♥❣ ♦♥❧② st❛❜❧❡
♠❡❛s✉r❡♠❡♥ts ❬✶✷✱ ✶✸❪✳
■♥ t❤❡ ❣❡♥❡r❛❧ ❝❛s❡ ♦❢ ♠♦❞❡❧s ♦❢ ❝♦♥t❛❝t ❛❞❤❡s✐✈❡ ✐♥t❡r❛❝t✐♦♥s✱ t❤❡ ❡①t❡r♥❛❧ ❧♦❛❞
❛♥❞ t❤❡ ✐♥❞❡♥t❡r ❞✐s♣❧❛❝❡♠❡♥ts ♠❛② ❜❡ ♣r❡s❡♥t❡❞ ♦♥❧② t❤r♦✉❣❤ ♣❛r❛♠❡tr✐❝ ❢✉♥❝✲
t✐♦♥s ✇✐t❤ t❤❡ ❝♦♥t❛❝t r❛❞✐✉s ❛s t❤❡ ♣❛r❛♠❡t❡r ❬✽❪✳ ■♥ ♣❛rt✐❝✉❧❛r✱ s✉❝❤ ♣❛r❛♠❡tr✐❝
❞❡♣❡♥❞❡♥❝✐❡s ♠❛② ❛r✐s❡ ❛s t❤❡ r❡s✉❧t ♦❢ ❡①t❡♥s✐♦♥ ♦❢ ❛ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t r❡❧❛t✐♦♥✲
s❤✐♣ ❢r♦♠ ♥♦♥✲❛❞❤❡s✐✈❡ ❝❛s❡ t♦ ❛❞❤❡s✐✈❡ ♦♥❡ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤❡ ❏❑❘ t❤❡♦r②✳
❆s ❛♥ ✐♠♣♦rt❛♥t ❡①❛♠♣❧❡✱ ♦♥❡ ❝❛♥ ❝♦♥s✐❞❡r ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s ♦❢ ✐♥❞❡♥t❛t✐♦♥ ♦❢
❧❛②❡r❡❞ ❛♥❞ ❝♦❛t❡❞ ♠❡❞✐✉♠✳ ❊✈❡♥ ✐♥ t❤❡ s✐♠♣❧❡st ❝❛s❡ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ❛ t❤✐♥ ❧❛②❡r
❜♦♥❞❡❞ t♦ ❛ r✐❣✐❞ s✉♣♣♦rt t❤❡ ❛❞❤❡s✐✈❡ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t r❡❧❛t✐♦♥s❤✐♣ ❝❛♥♥♦t ❜❡
r❡❞✉❝❡❞ t♦ ❡①♣❧✐❝✐t ❢♦r♠ ✉♥❧❡ss ✐♥❞❡♥t❡r ❤❛s ❛ s♣❤❡r✐❝❛❧ s❤❛♣❡ ❬✹✸❪✳ ❆♥❛❧②t✐❝❛❧ ❏❑❘
❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s ❢♦r t❤❡ ❢r✐❝t✐♦♥❧❡ss ❝♦♥t❛❝t ♦❢ ❛♥ ✐♥❞❡♥t❡r ❛♥❞ ❛ ❝♦❛t❡❞
❡❧❛st✐❝ ♠❡❞✐✉♠ ♠❛② ❤❛✈❡ ✈❡r② ❝♦♠♣❧❡① r❡♣r❡s❡♥t❛t✐♦♥ ✇❤✐❝❤ ❝❛♥♥♦t ❜❡ r❡❞✉❝❡❞ t♦
❡①♣❧✐❝✐t ❢♦r♠ ❢♦r ❛♥② ✐♥❞❡♥t❡r s❤❛♣❡ ❬✷✼✱✹✹❪✳ ❚❤❡ s❛♠❡ ✐s ✈❛❧✐❞ ❢♦r t❤❡ ❝❛s❡s ✐♥ ✇❤✐❝❤
♦t❤❡r ❝♦♥t❛❝t t❤❡♦r✐❡s ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ❛r❡ ✉s❡❞ t♦ st✉❞② ❝♦❛t❡❞✱ ♠✉❧t✐❧❛②❡r❡❞✱ ♦r
❢✉♥❝t✐♦♥❛❧❧②✲❣r❛❞✐❡♥t ♠❡❞✐✉♠ ✭❡✳❣✳ t❤❡ ▼❛✉❣✐s t❤❡♦r② ❬✹✺✱ ✹✻❪✱ ♦r t❤❡ ❞♦✉❜❧❡✲❍❡rt③
t❤❡♦r② ❬✹✼❪✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ✐s ❢✉♥❞❛♠❡♥t❛❧❧② ✐♠♣♦ss✐❜❧❡ t♦ r❡❞✉❝❡ s❡♠✐✲❛♥❛❧②t✐❝❛❧
♠♦❞❡❧s ✇❤✐❝❤ ❝♦♥t❛✐♥ ❝♦rr❡❝t✐♦♥ ❢✉♥❝t✐♦♥s ❝♦♠♣✉t❡❞ ♥✉♠❡r✐❝❛❧❧② ❜② ♠❡❛♥s ♦❢ t❤❡
❋✐♥✐t❡ ❊❧❡♠❡♥ts ▼❡t❤♦❞ t♦ ❡①♣❧✐❝✐t ❢♦r♠ ❬✹✽④✺✵❪✳ ❚❤❡ ❛❜♦✈❡ ❡①❛♠♣❧❡s ❛r❡ ♣r❡s❡♥t❡❞
✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ ❆♣♣❡♥❞✐① ❆✳
◆❡✈❡rt❤❡❧❡ss✱ ❛❧❧ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s ❝❛♥ ❜❡ ✉t✐❧✐③❡❞ ❢♦r
s✐♠✉❧t❛♥❡♦✉s ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❡❧❛st✐❝ ❛♥❞ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s ♦❢ ❡❧❛st✐❝ str✉❝t✉r❡s
✉s✐♥❣ t❤❡ ❛♣♣r♦❛❝❤ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❆♣♣❛r❡♥t❧②✱ ❡q✉❛t✐♦♥ ✭✸✮ ✐s ♥♦t t❤❡
♦♥❧② ♣♦ss✐❜❧❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡✳ ■♥ s♦♠❡ ✐♠♣♦r✲
t❛♥t ❝❛s❡s✱ ❡✳❣✳ ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ t❤❡ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ✐s r❡♣r❡s❡♥t❡❞ ❛s ❛
♣❛r❛♠❡tr✐❝ ❢✉♥❝t✐♦♥✱ ❛♥❞ ✐t ✐s r❛t❤❡r ✐♠♣♦ss✐❜❧❡ t♦ ❡①❛❝t❧② ❝♦♥✈❡rt ✐t ✐♥t♦ t❤❡ ❢♦r♠
✭✸✮✳
❚❤✉s✱ ✐♥ ✐ts ✐♥✐t✐❛❧ ❢♦r♠✉❧❛t✐♦♥ t❤❡ ❇● ♠❡t❤♦❞ ❝❛♥♥♦t ✉t✐❧✐③❡ ♠❛t❤❡♠❛t✐❝❛❧
♠♦❞❡❧s ✇❤✐❝❤ ❞❡s❝r✐❜❡ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ❛s ❛ ♣❛r❛♠❡tr✐❝ ❢✉♥❝t✐♦♥✳ ■♥ t❤❡
❢♦❧❧♦✇✐♥❣ s✉❜s❡❝t✐♦♥s ✇❡ ❛❞❞r❡ss t❤✐s ✐ss✉❡ ❜② ❡①t❡♥❞✐♥❣ t❤❡ ❝♦♥❝❡♣t ❛♥❞ ❛♣♣❧✐❝❛✲
❜✐❧✐t② s❝♦♣❡ ♦❢ t❤❡ ❇● ♠❡t❤♦❞✳ ❚❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ ❛❧❧♦✇s ♦♥❡ t♦ ✉s❡ ❢♦r❝❡✲
❞✐s♣❧❛❝❡♠❡♥t r❡❧❛t✐♦♥s ❢♦r♠✉❧❛t❡❞ ✐♥ t❤❡ ♣❛r❛♠❡tr✐❝ ❢♦r♠✱ s♦ t❤❛t t❤❡ ❉❙■ ♣❧♦ts
❛r❡ r❡♣r❡s❡♥t❡❞ ❜② ♣❛r❛♠❡tr✐❝ ❝✉r✈❡s✳ ❚❤❡ ❡❇● ♠❡t❤♦❞ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❛ ✇✐❞❡
♥✉♠❜❡r ♦❢ ✐♠♣♦rt❛♥t ❝♦♠♣❧❡①❧② ❢♦r♠✉❧❛t❡❞ ♣r♦❜❧❡♠s ♦❢ ▼❛t❡r✐❛❧s ❙❝✐❡♥❝❡ ✇❤✐❝❤
❝❛♥♥♦t ❜❡ ❡①❛❝t❧② r❡❞✉❝❡❞ t♦ ❡①♣❧✐❝✐t ♦r ✐♠♣❧✐❝✐t ❢✉♥❝t✐♦♥s✱ ❛♥❞ t❤✐s ✐s ❞❡♠♦♥str❛t❡❞
✐♥ t❤❡ ♣r❡s❡♥t ✇♦r❦ ❜② ♠❡❛♥s ♦❢ ❜♦t❤ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❛♥❞ ♣r♦❝❡ss✐♥❣ r❡❛❧
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳
✸✳✷ ❚❤❡ ❇● ♠❡t❤♦❞ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ♦rt❤♦❣♦♥❛❧ ❞❛t❛ ☞tt✐♥❣ ❛♣♣r♦❛❝❤
▲❡t ✉s r❡✲❢♦r♠✉❧❛t❡ t❤❡ ❝♦♥❝❡♣t ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞ ✉s✐♥❣ ❞✐☛❡r❡♥t ❞❡☞♥✐t✐♦♥
♦❢ t❤❡ ☞tt✐♥❣ r❡s✐❞✉❛❧✳ ❚❤❡ ♣✉r♣♦s❡ ♦❢ s✉❝❤ r❡✲❢♦r♠✉❧❛t✐♦♥ ✐s t♦ ❜❡ ❛❜❧❡ t♦ ✉s❡ t❤❡




❂ ❢✶ ✭✖❛❀ ✍❝❀ P❝✮ ❀
P
P❝
❂ ❢✷ ✭✖❛❀ ✍❝❀ P❝✮ ✿
✭✾✮
❍❡r❡✱ ✖❛ ✐s t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ♣❛r❛♠❡t❡r✱ ✇❤✐❝❤ ♠❛② ❤❛✈❡ ♣❤②s✐❝❛❧ ✐♥t❡r♣r❡t❛t✐♦♥✱ ❡✳❣✳
❞✐♠❡♥s✐♦♥❧❡ss ❝♦♥t❛❝t r❛❞✐✉s✳ ❍♦✇❡✈❡r✱ t❤✐s ♠❡❛♥✐♥❣ ✐s ♥♦t ♠❛♥❞❛t♦r②✳
■❢ t❤❡ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ✐s r❡♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❢♦r♠ ✭✾✮✱ ♦♥❡ ❝❛♥ ❞❡✈❡❧♦♣
❛ ♠❡❛s✉r❡ ♦❢ ☞tt✐♥❣ r❡s✐❞✉❛❧ t❤❛t ❤❛s ❝❧❡❛r ❣❡♦♠❡tr✐❝❛❧ ♠❡❛♥✐♥❣✳ ❈♦♥s✐❞❡r ❛♥ ✐✲t❤
❞❛t❛ ♣♦✐♥t ✐♥ ❞✐♠❡♥s✐♦♥❧❡ss ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝♦♦r❞✐♥❛t❡s ✭✉s✐♥❣ s♦♠❡ ❛r❜✐tr❛r②
❝❤❛r❛❝t❡r✐st✐❝ s❝❛❧❡s P❝ ❛♥❞ ✍❝✮✳ ■❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❛❜s♦❧✉t❡❧② ❡①❛❝t✱ t❤❡♥ t❤❡
❞❛t❛ ♣♦✐♥t ❜❡❧♦♥❣s t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ❛♥❞ ❤❛s ❛ ❝♦rr❡s♣♦♥❞✲
✐♥❣ ✈❛❧✉❡ ♦❢ t❤❡ ♣❛r❛♠❡t❡r ✖❛ ❂ ✖❛✐ ✭❋✐❣✉r❡ ✶✮✳ ■t t❤✐s ✐❞❡❛❧ s✐t✉❛t✐♦♥ t❤❡ ❡q✉❛t✐♦♥s


























❋✐❣✉r❡ ✶✿ ■❞❡❛❧ s✐t✉❛t✐♦♥✿ ❛ ❞❛t❛ ♣♦✐♥t ❜❡❧♦♥❣s t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t
❝✉r✈❡ ✭✾✮ ✐♥ ❞✐♠❡♥s✐♦♥❧❡ss ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝♦♦r❞✐♥❛t❡s✳
▲❡t ✉s ✐♥tr♦❞✉❝❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣r❡ss✐♦♥ ❛s t❤❡ ♠❡❛s✉r❡ ♦❢ ♠✐s☞t ♦❢ t❤❡ ✐✲t❤
❞❛t❛ ♣♦✐♥t ❛♥❞ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡✿










  ❢✷ ✭✖❛✐❀ ✍❝❀ P❝✮
✓✷
✿ ✭✶✵✮
❈❧❡❛r❧②✱ ✟✐ ❂ ✵ ✐♥ t❤❡ ❛❜♦✈❡ ✐❞❡❛❧ s✐t✉❛t✐♦♥ ❞✉❡ t♦ ✭✾✮✳
◆♦✇ ❝♦♥s✐❞❡r ❛ r❡❛❧ ♠❡❛s✉r❡♠❡♥t✳ ❉✉❡ t♦ ♠❡❛s✉r❡♠❡♥t ❡rr♦rs t❤❡ ✐✲t❤ ❞❛t❛
♣♦✐♥t ❞♦❡s ♥♦t ❜❡❧♦♥❣ t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡✳ ■♥ ❢❛❝t✱ ♦♥❡ ❤❛s t✇♦ ♣♦✐♥ts✿ t❤❡ ☞rst
♦♥❡ ✐s t❤❡ ❞❛t❛ ♣♦✐♥t ✇❤✐❝❤ ✐s ❧♦❝❛t❡❞ ♦☛✲❝✉r✈❡ ❛♥❞ t❤❡ s❡❝♦♥❞ ♦♥❡ ✐s t❤❡ ♣♦✐♥t ♦♥
t❤❡ ❝✉r✈❡ t❤❛t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ♣❛r❛♠❡t❡r ✖❛ ❂ ✖❛✐ ✭❋✐❣✉r❡ ✷❛✮✳ ■♥ t❤✐s
❝❛s❡ t❤❡ ✈❛❧✉❡ ♦❢ ✟✐ ❜❡❝♦♠❡s sq✉❛r❡ ♦❢ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣♦✐♥ts✳ ■❢ ✟✐ ✐s
t❤❡♥ ♠✐♥✐♠✐③❡❞ ✇✐t❤ r❡s♣❡❝t t♦ ✖❛✐✱ t❤❡ ✈❛❧✉❡ ♦❢ ✟✐ ❜❡❝♦♠❡s sq✉❛r❡ ♦❢ t❤❡ s❤♦rt❡st
♣♦ss✐❜❧❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣♦✐♥ts✳ ❚❤❛t ✐s✱ t❤❡ ♣♦✐♥t ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✖❛ ❂ ✖❛✐
✐s t❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ t❤❡ ✐✲t❤ ❞❛t❛ ♣♦✐♥t ♦♥t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ❛♥❞ t❤❡ ✈❛❧✉❡ ♦❢
✟✐ ✐s sq✉❛r❡ ♦❢ t❤❡ ♦rt❤♦❣♦♥❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❞❛t❛ ♣♦✐♥t t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡
✭❋✐❣✉r❡ ✷❜✮✳
◆♦✇✱ r❡❝❛❧❧✐♥❣ t❤❛t t❤❡ ♦✈❡r❛❧❧ ♥✉♠❜❡r ♦❢ ♠❡❛s✉r❡♠❡♥ts ✐s ◆ ♦♥❡ ❝❛♥ ✐♥tr♦❞✉❝❡
t❤❡ ❢♦❧❧♦✇✐♥❣ ♠❡tr✐❝ t♦ ❞❡☞♥❡ t❤❡ t♦t❛❧ ☞tt✐♥❣ r❡s✐❞✉❛❧ ♦❢ ◆ ❞❛t❛ ♣♦✐♥ts✿



















❲❤❡♥ ♠✐♥✐♠✐③❡❞ ✇✐t❤ r❡s♣❡❝t t♦ ❛❧❧ t❤❡ ✈❛r✐❛❜❧❡s ❢✍❝❀ P❝❀ ✖❛✶❀ ✿✿✖❛◆❣✱ t❤✐s ❢✉♥❝t✐♦♥❛❧
❛❧❧♦✇s ♦♥❡ t♦ ☞♥❞ t❤❡ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ✇❤✐❝❤ ❜❡st ☞ts ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛




























































❋✐❣✉r❡ ✷✿ ❘❡❧❛t✐✈❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ✐✲t❤ ❞❛t❛ ♣♦✐♥t ✭s♦❧✐❞ ❝✐r❝❧❡✮ ❛♥❞ t❤❡ ♣♦✐♥t ♦♥ t❤❡
t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ t❤❛t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ♣❛r❛♠❡t❡r ✖❛ ❂ ✖❛✐ ✭❝✐r❝❧❡✮ ✐♥
r❡❛❧ s✐t✉❛t✐♦♥✳ ✭❛✮ ❚❤❡ ✈❛❧✉❡ ♦❢ ✖❛✐ ✐s ❛r❜✐tr❛r②✳ ✭❜✮ ❚❤❡ ✈❛❧✉❡ ♦❢ ✖❛✐ ✐s ♦♣t✐♠❛❧✳
♣♦✐♥ts t♦ t❤❡ ❝✉r✈❡ ✭s♦✲❝❛❧❧❡❞ ♦rt❤♦❣♦♥❛❧ ❞✐st❛♥❝❡ ❝✉r✈❡ ☞tt✐♥❣ ✭❖❉❋✮ ❛♣♣r♦❛❝❤ ❬✷✶✱
✷✺❪✮✳❚❤✐s ❛♣♣r♦❛❝❤ ✐s ✉s❡❢✉❧ ✇❤❡♥ ❜♦t❤ ❛❜s❝✐ss❛s ❛♥❞ ♦r❞✐♥❛t❡s ♦❢ t❤❡ ❞❛t❛ ♣♦✐♥ts ❛r❡
s✉❜❥❡❝t t♦ ♠❡❛s✉r❡♠❡♥t ❡rr♦rs✳ ❚❤❡ ♦♣t✐♠❛❧ ✈❛❧✉❡s ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs
P ✄❝ ❀ ✍
✄
❝ ❝❛♥ ❜❡ ❢♦✉♥❞ ❛s t❤❡ r❡s✉❧t ♦❢ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ✐♥ t❤❡
❢♦r♠ ✭✶✶✮ ✇✐t❤ r❡s♣❡❝t t♦ ❛❧❧ ♦❢ ✐ts ✈❛r✐❛❜❧❡s✿
❢P ✄❝ ❀ ✍✄❝❣ ❂ ❛r❣ ♠✐♥
✍❝❀P❝❀❛✐
✟✭✍❝❀ P❝❀ ✖❛✶❀ ✿✿✖❛◆✮✿ ✭✶✷✮
❚❤✉s✱ t❤❡ ❇● ♠❡t❤♦❞ ❤❛s ❜❡❡♥ r❡✲❢♦r♠✉❧❛t❡❞ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤❡ ❖❉❋
❛♣♣r♦❛❝❤ ❛♥❞ t❤❡ ♥❡✇ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ✭✶✶✮ ❤❛s ❜❡❡♥ ✐♥tr♦❞✉❝❡❞✳
◆♦t❡ t❤❛t t❤❡r❡ ❡①✐st ♦t❤❡r ✇♦r❦s ♦♥ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❜②
♠❡❛♥s ♦❢ ❞✐r❡❝t ☞tt✐♥❣ t❤❡ t❤❡♦r❡t✐❝❛❧ ❉❙■ ❝✉r✈❡ t♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✱ ✐♥ ♣❛rt✐❝✉❧❛r✱
♦❜t❛✐♥❡❞ ❜② ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❆❋▼✮ t❡❝❤♥✐q✉❡✳ ❋♦r ✐♥st❛♥❝❡✱ ❉♦♠❦❡ ❛♥❞
❘❛❞♠❛❝❤❡r ❬✺✶❪✱ ❉✐♠✐tr✐❛❞✐s ❡t ❛❧✳ ❬✺✷❪ ❞❡t❡r♠✐♥❡❞ t❤❡ ❛♣♣❛r❡♥t ❨♦✉♥❣✬s ♠♦❞✉❧✉s
♦❢ t❤✐♥ ♦r❣❛♥✐❝ ☞❧♠s ❜② ♠❡❛♥s ♦❢ ☞tt✐♥❣ ❆❋▼ ❞❛t❛ t♦ ❛ ❍❡rt③✲❧✐❦❡ ❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧✳
❘❡❝❡♥t❧②✱ ❛ ♥✉♠❜❡r ♦❢ ❛✉t❤♦rs ❬✺✸④✺✺❪ ❞❡t❡r♠✐♥❡❞ ❡❧❛st✐❝ ❛♥❞ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s
♦❢ ❧✐✈✐♥❣ ❝❡❧❧s ✉s✐♥❣ ♠♦st❧② t❤❡ ❏❑❘ ❝♦♥t❛❝t ♠♦❞❡❧❀ ◆♦t❜♦❤♠ ❡t ❛❧✳ ❬✺✻❪ ✐❞❡♥t✐☞❡❞
♣r♦♣❡rt✐❡s ♦❢ ❛ s✐❧✐❝♦♥❡ r✉❜❜❡r ❜② ♠❡❛♥s ♦❢ ❉❙■ ✇✐t❤ s♠❛❧❧ s♣❤❡r❡ ❜② ❆❋▼ t❡❝❤♥✐q✉❡✳
▲✐♥ ❡t ❛❧✳ ❬✺✼✱✺✽❪ ❞❡✈❡❧♦♣❡❞ ❛❧❣♦r✐t❤♠s ♦❢ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ✉s✐♥❣
t❤❡ ❍❡rt③ ♥♦♥✲❛❞❤❡s✐✈❡ ❛♥❞ t❤❡ P✐❡tr❡♠❡♥t④❚r♦②♦♥ ❛❞❤❡s✐✈❡ ♠♦❞❡❧s ♦❢ ❢r✐❝t✐♦♥❧❡ss
❝♦♥t❛❝t✳ ❍♦✇❡✈❡r✱ ✐t s❤♦✉❧❞ ❜❡ ❡♠♣❤❛s✐③❡❞ t❤❛t ❡①❝❡♣t t❤❡ ❧❛tt❡r t✇♦ ✇♦r❦s ✐♥ ♠♦st
❝❛s❡s ❛ ❧✐tt❧❡ ♦r ♥♦ ✐♥❢♦r♠❛t✐♦♥ ✐s ♣r♦✈✐❞❡❞ ❛❜♦✉t ☞tt✐♥❣ ♠❡t❤♦❞s ❛♥❞ ♣r♦❝❡❞✉r❡s✳
◆❡✐t❤❡r ♠❛t❤❡♠❛t✐❝❛❧ ❛s♣❡❝ts ♦❢ t❤❡ ❡♠♣❧♦②❡❞ ☞tt✐♥❣ ❛♣♣r♦❛❝❤❡s ✭❝♦♥tr❛r② t♦ t❤❡
♣❛♣❡r ❬✶✶❪✮✱ ♥♦r r❡❛❞✐♥❡ss t♦ ✉t✐❧✐③❡ ❤✐❣❤❧② ♥♦✐s② ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛r❡ ❞✐s❝✉ss❡❞✳
❚❤✐s ❛s♣❡❝t ✐s ✈❡r② ✐♠♣♦rt❛♥t ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ t❤❡ ♣r❡s❡♥t ♣❛♣❡r✳ ❆❧s♦✱ ✐♥ ❛❧❧
t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ ♣❛♣❡rs t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s ♦❢ ❝♦♥t❛❝t ✐♥t❡r❛❝t✐♦♥ ✭P   ✍
❝✉r✈❡s✮ ❛r❡ s✉♣♣♦s❡❞ t♦ ❜❡ ❡①♣❧✐❝✐t ❢✉♥❝t✐♦♥s ✇❤✐❝❤ ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ♦♥❧② ✐♥ s✐♠♣❧❡st
❝❛s❡s✳ ❚❤✉s✱ t❤❡ ❡❇● ♠❡t❤♦❞ ❤❛s ❛♥ ❛❞✈❛♥t❛❣❡ ❜❡❝❛✉s❡ ✐t ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ r❛t❤❡r
❝♦♠♣❧❡① ♣r♦❜❧❡♠s ✭❡✳❣✳ ❝♦♥t❛❝t ✇✐t❤ ❝♦❛t❡❞ ♠❡❞✐✉♠✮✳
❚❤❡ ♠❛✐♥ ✐ss✉❡ ♦❢ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ✭✶✶✮✲✭✶✷✮ ✐s t❤❡ ❧❛r❣❡ ♥✉♠❜❡r ♦❢
♣r♦❜❧❡♠ ✈❛r✐❛❜❧❡s ✇❤✐❝❤ ✐s ❡q✉❛❧ t♦ ◆ ✰ ✷✿ ❢✍❝❀ P❝❀ ✖❛✶❀ ✿✿✖❛◆❣✳ ❍❡♥❝❡✱ t❤❡ ❖❉❋ ♣r♦❜✲
❧❡♠s ❛r❡ ❦♥♦✇♥ t♦ ❜❡ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ✐♥t❡♥s✐✈❡ ❛♥❞ ❝♦♠♣❧❡① ❬✷✶✱✷✺❪✳ ❆❧t❤♦✉❣❤ t❤❡
s✐♠✉❧t❛♥❡♦✉s ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ ✭✶✷✮ ✇✐t❤ r❡s♣❡❝t t♦ ❛❧❧ ✐ts ✈❛r✐❛❜❧❡s ✐s ♣♦ss✐❜❧❡✱ ✐s ♥♦t
❞❡s✐r❛❜❧❡ ❜❡❝❛✉s❡ ♥♦r♠❛❧❧② ◆ ✐s ❧❛r❣❡ ✭✉♣ t♦ ❛ ❢❡✇ t❤♦✉s❛♥❞s✮✳
■♥ t❤❡ s✉❜s❡q✉❡♥t s✉❜s❡❝t✐♦♥s ✇❡ ❞✐s❝✉ss t✇♦ ❛♣♣r♦❛❝❤❡s t❤❛t ❛❞❞r❡ss t❤❡ ❛❜♦✈❡
✐ss✉❡✳ ■♥ t❤❡ ❢♦r♠❡r ♦♥❡✱ ❛❧❧ t❤❡ ◆ ✰ ✷ ✈❛r✐❛❜❧❡s ♦❢ ✭✶✷✮ ❛r❡ ❦❡♣t ✐♥ ♣❧❛❝❡✱ ❤♦✇❡✈❡r
t❤❡ ♠✐♥✐♠✐③❛t✐♦♥ ♣r♦❝❡ss ✐s ♣❡r❢♦r♠❡❞ ❢♦r ❞✐☛❡r❡♥t ✈❛r✐❛❜❧❡s s❡♣❛r❛t❡❧②✳ ■♥ t❤❡ ❧❛tt❡r
♦♥❡✱ t❤❡ ❖❉❋ ❛♣♣r♦❛❝❤ ✐s ✉s❡❞ ❢♦r ♣r❡❧✐♠✐♥❛r② ☞tt✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇✐t❤ ❛♥
❛✉①✐❧✐❛r② ♥♦♥✲♣❛r❛♠❡tr✐❝ ❝✉r✈❡✳ ❚❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ✐s t❤❡♥ ☞tt❡❞ t♦ t❤❡ ❛✉①✐❧✐❛r②
♦♥❡ ✉s✐♥❣ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ✐♥ t❤❡ ❢♦r♠ ♦❢ ✐♥t❡❣r❛❧✳ ❆s t❤❡ r❡s✉❧t✱ t❤❡r❡ ✐s
♥♦ ♥❡❡❞ ✐♥ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♣❛r❛♠❡t❡r ✈❛❧✉❡s ❛✐ ❛♥❞ ❤❡♥❝❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❜❧❡♠
✈❛r✐❛❜❧❡s ✐s ❣r❡❛t❧② r❡❞✉❝❡❞✳
✸✳✸ ❉✐r❡❝t ❞❛t❛ ☞tt✐♥❣
■♥ t❤❡ ♣r❡s❡♥t s✉❜s❡❝t✐♦♥ ✇❡ ❝♦♥s✐❞❡r t❤❡ ♣r♦❜❧❡♠ ♦❢ s❡❛r❝❤ ❢♦r t❤❡ ♦♣t✐♠❛❧ ✈❛❧✉❡s
♦❢ P❝ ❛♥❞ ✍❝ ✐♥ t❤❡ ❢♦r♠ ✭✶✶✮✲✭✶✷✮✳ ■♥ ❢❛❝t✱ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ✐s ☞tt❡❞ t♦ t❤❡ ❞❛t❛
♣♦✐♥ts ❞✐r❡❝t❧② ✇✐t❤♦✉t ❛♥② ❛✉①✐❧✐❛r② st❡♣s✳
❉❡s♣✐t❡ t❤❡ ❢❛❝t t❤❛t t❤❡ s✐♠✉❧t❛♥❡♦✉s ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ❢✉♥❝t✐♦♥❛❧ ✭✶✶✮ ✇✐t❤
r❡s♣❡❝t t♦ ❛❧❧ ◆ ✰ ✷ ✉♥❦♥♦✇♥s ✐s ♣♦ss✐❜❧❡✱ ✐t ❝❛♥ ❜❡ ♥♦t❡❞ t❤❛t ♠✐♥✐♠✐③❛t✐♦♥ ✇✐t❤
























❉✉❡ t♦ ✭✶✸✮ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ❝❛♥ ❜❡ s♦❧✈❡❞ ❜② ♠❡❛♥s ♦❢ t✇♦✲❧❡✈❡❧







❚❤❡ ✌♦✇ ♦❢ t❤✐s t✇♦✲❧❡✈❡❧ ✐♥t❡r❧❡❛✈✐♥❣ ♠✐♥✐♠✐③❛t✐♦♥ ♣r♦❝❡ss ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s t❤❡
❢♦❧❧♦✇✐♥❣ ❛❧❣♦r✐t❤♠✳
✶✳ ❆ss✐❣♥ ✐♥✐t✐❛❧ ✈❛❧✉❡s ✭❣✉❡ss✮ t♦ P❝ ❛♥❞ ✍❝✳
✷✳ ❯♣❞❛t❡ t❤❡ ✈❛❧✉❡s ♦❢ ✖❛✐✳
✭❛✮ ▲♦❝❦ t❤❡ ❛ss✐❣♥❡❞ ✈❛❧✉❡s ♦❢ P❝ ❛♥❞ ✍❝✳
✭❜✮ ❋♦r ❡❛❝❤ ✖❛✐ ♠✐♥✐♠✐③❡ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ✇✐t❤ r❡s♣❡❝t t♦ ✖❛✐ ✇❤✐❧❡
❦❡❡♣✐♥❣ t❤❡ r❡st ♦❢ t❤❡ ✈❛r✐❛❜❧❡s ❝♦♥st❛♥t✳
✭❝✮ ❯♣❞❛t❡ t❤❡ ✈❛❧✉❡s ♦❢ ✖❛✐ ✇✐t❤ t❤❡ ❢♦✉♥❞ ♦♣t✐♠❛❧ ♦♥❡s✳
✸✳ ❯♣❞❛t❡ t❤❡ ✈❛❧✉❡s ♦❢ P❝ ❛♥❞ ✍❝✳
✭❛✮ ▲♦❝❦ t❤❡ ❛ss✐❣♥❡❞ ✈❛❧✉❡s ♦❢ ❛❧❧ ✖❛✐✳
✭❜✮ ▼✐♥✐♠✐③❡ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ✇✐t❤ r❡s♣❡❝t t♦ P❝ ❛♥❞ ✍❝ ✇❤✐❧❡ ❦❡❡♣✐♥❣
t❤❡ r❡st ♦❢ t❤❡ ✈❛r✐❛❜❧❡s ❝♦♥st❛♥t✳
✭❝✮ ❯♣❞❛t❡ t❤❡ ✈❛❧✉❡s ♦❢ P❝ ❛♥❞ ✍❝ ✇✐t❤ t❤❡ ❢♦✉♥❞ ♦♣t✐♠❛❧ ♦♥❡s✳
✹✳ ■❢ t❤❡ ❣❧♦❜❛❧ ♦♣t✐♠❛❧✐t② ❝♦♥❞✐t✐♦♥ ✐s ♥♦t ♠❡t✱ t❤❡♥ ❣♦ t♦ st❡♣ ✷✳ ❖t❤❡r✇✐s❡✱
❡♥❞ ❝②❝❧❡✳





❆t ❛♥② ❣✐✈❡♥ st❡♣✱ t❤❡ ♥✉♠❜❡r ♦❢ ✈❛r✐❛❜❧❡s ❡♥❣❛❣❡❞ ✐♥ ♠✐♥✐♠✐③❛t✐♦♥ ♣r♦❝❡ss ❞♦❡s
❞♦t ❡①❝❡❡❞ t✇♦✳ ❚❤✐s r❡❞✉❝❡s ❣r❡❛t❧② ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦♠♣❧❡①✐t②✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱
t❤✐s ❛♣♣r♦❛❝❤ ✐s s✐♠✐❧❛r t♦ ❝♦♦r❞✐♥❛t❡ ❞❡s❝❡♥t ♦♣t✐♠✐③❛t✐♦♥ ♠❡t❤♦❞ ❛♥❞ ✐s ❡①♣❡❝t❡❞
t♦ ❜❡ r❛t❤❡r s❧♦✇❧② ❝♦♥✈❡r❣❡♥t✳ ❋♦r t❤✐s r❡❛s♦♥✱ ❛♥ ❛♣♣r♦❛❝❤ t❤❛t ✉s❡s ♥♦t ♦♥❧② t❤❡
✐❞❡❛ ♦❢ ♦rt❤♦❣♦♥❛❧ ❞✐st❛♥❝❡ ☞tt✐♥❣ ❜✉t ❛❧s♦ r❡❞✉❝❡s ❣r❡❛t❧② t❤❡ ♥✉♠❜❡r ♦❢ ✈❛r✐❛❜❧❡s
❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧ t✐♠❡ ✐s ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥✳
✸✳✹ ❚❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ ✇✐t❤ ♣r❡❧✐♠✐♥❛r② ☞tt✐♥❣
❆s ❛❝t✉❛❧ ❡①♣r❡ss✐♦♥s ✭✾✮ ♠❛② ❜❡ ✈❡r② ❝♦♠♣❧❡①✱ ♠✉❧t✐♣❧❡ r❡✲❡✈❛❧✉❛t✐♦♥ ♦❢ ✈❛❧✉❡s
✖❛✐ ♠❛② ❜❡❝♦♠❡ ✈❡r② t✐♠❡✲❝♦♥s✉♠✐♥❣✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ r❡s❡❛r❝❤❡r ✐s ♥♦t
✐♥t❡r❡st❡❞ ✐♥ ♦❜t❛✐♥✐♥❣ t❤❡s❡ ✈❛❧✉❡s s✐♥❝❡ ♦♥❧② ✍❝❀ P❝ ❛r❡ t❤❡ ♠❛tt❡r ♦❢ ✐♥t❡r❡st✳ ❚❤❡
❛♣♣r♦❛❝❤ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡s❡♥t s✉❜s❡❝t✐♦♥ ❛❧❧♦✇s ♦♥❡ t♦ ❡①❝❧✉❞❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ✖❛✐
❞✉r✐♥❣ t❤❡ ✐❞❡♥t✐☞❝❛t✐♦♥ ♦❢ P❝ ❛♥❞ ✍❝✳
❈❧❡❛r❧②✱ t❤❡ ❛✐♠ ♦❢ ☞tt✐♥❣ ❞❛t❛ ♣♦✐♥ts ✇✐t❤ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ✐s ♥♦t t❤❡ ☞tt✐♥❣
✐ts❡❧❢ ❜✉t r❛t❤❡r ☞♥❞✐♥❣ t❤❡ ✉♥❦♥♦✇♥ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❡✈❛❧✉❛t❡❞ ❢r♦♠ ♦♣t✐♠❛❧
✈❛❧✉❡s ♦❢ P❝ ❛♥❞ ✍❝ ✇✐t❤ r❡❛s♦♥❛❜❧❡ ❛❝❝✉r❛❝② ✉s✐♥❣ r❡❛s♦♥❛❜❧❡ ❛♠♦✉♥t ♦❢ ❝♦♠♣✉t❛t✐♦♥
t✐♠❡✳ ❍❡♥❝❡✱ s♦♠❡ ❛❞❞✐t✐♦♥❛❧ st❡♣s ♠❛② ❜❡ ✐♥tr♦❞✉❝❡❞ ✐♥t♦ ☞tt✐♥❣ t❤❡ t❤❡♦r❡t✐❝❛❧
❝✉r✈❡ t♦ t❤❡ ❞❛t❛ ♣♦✐♥ts t♦ s♣❡❡❞ ✉♣ ❝♦♠♣✉t❛t✐♦♥s✳
❍❡r❡ ✇❡ ♣r❡s❡♥t t❤❡ ❝♦♥❝❡♣t ♦❢ ♣r❡❧✐♠✐♥❛r② ☞tt✐♥❣ ✭♣r❡✲☞tt✐♥❣✮ ♦❢ t❤❡ ❡①♣❡r✐✲
♠❡♥t❛❧ ❞❛t❛✳ ❚❤❡ ♠❛✐♥ ✐❞❡❛ ✐s t♦ ☞t ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇✐t❤ s♦♠❡ ❛✉①✐❧✐❛r② ❝✉r✈❡
P ❂ ✠✭✍✮ ✭❋✐❣✉r❡ ✸✮ ♦♥ t❤❡ ☞rst st❛❣❡ ♦❢ ❡✈❛❧✉❛t✐♦♥ ♦❢ ✍❝❀ P❝✳ ▼❛t❤❡♠❛t✐❝❛❧ ❡①♣r❡s✲
s✐♦♥ ♦❢ t❤✐s ♥❡✇ ❝✉r✈❡ ♠✉st ❜❡ s✐♠♣❧❡ ❡♥♦✉❣❤ t♦ ♠❛❦❡ ☞tt✐♥❣ t❤❡ ❞❛t❛ q✉✐❝❦ ❛♥❞
❡❛s② ♣r♦❝❡ss✳ ❉✉❡ t♦ ✐ts s✐♠♣❧✐❝✐t②✱ t❤❡ ❛✉①✐❧✐❛r② ❝✉r✈❡ ♠❛② ❜❡ ❝♦♥str✉❝t❡❞ ✉s✐♥❣
s♦♠❡ ❛❞✈❛♥❝❡❞ ☞tt✐♥❣ t❡❝❤♥✐q✉❡s ❧✐❦❡ ❖❉❋✳ ❆❧t❡r♥❛t✐✈❡❧②✱ t❤❡ ♣r❡✲☞tt✐♥❣ ❝✉r✈❡ ♠❛②
❜❡ t❤❡ r❡s✉❧t ♦❢ s♦♠❡ ❦✐♥❞ ♦❢ ♣♦st✲♣r♦❝❡ss✐♥❣✴☞❧t❡r✐♥❣ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳
❖♥ t❤❡ s❡❝♦♥❞ st❛❣❡ t❤❡ ✈❛❧✉❡s ♦❢ P❝ ❛♥❞ ✍❝ ❛r❡ ❛❞❥✉st❡❞ ✐♥ s✉❝❤ ✇❛② t❤❛t
t❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ❜❡❝♦♠❡s ❝❧♦s❡st t♦ t❤❡ ❛✉①✐❧✐❛r② ♦♥❡ ✐♥ ❝❡rt❛✐♥ s❡♥s❡✳ ■t ❝❛♥
❜❡ ❞♦♥❡ ✇✐t❤♦✉t ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ✈❛❧✉❡s ♦❢ ✖❛✐ ❡✈❡♥ ✐❢ t❤❡ t❤❡♦r❡t✐❝❛❧ ❧♦❛❞✲
❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ✐s r❡♣r❡s❡♥t❡❞ ✐♥ ♣❛r❛♠❡tr✐❝ ❢♦r♠✳ ❚❤✐s s♣❡❡❞s ✉♣ ❝♦♠♣✉t❛t✐♦♥
❞r❛st✐❝❛❧❧② ✇❤✐❧❡ ♠❛✐♥t❛✐♥✐♥❣ ❣♦♦❞ ❛❝❝✉r❛❝② ♦❢ t❤❡ ☞♥❛❧ r❡s✉❧t✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝✲
t✐♦♥❛❧ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ❝❛♥ ❜❡ ❝♦♥str✉❝t❡❞ ❛s ❢♦❧❧♦✇s✳
❈♦♥s✐❞❡r t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ✐♥ t❤❡ ❢♦r♠✭
✍ ❂ ✍❝❢✶ ✭✖❛❀ ✍❝❀ P❝✮ ❀
P ❂ P❝❢✷ ✭✖❛❀ ✍❝❀ P❝✮ ✿
✭✶✺✮
▲❡t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❜❡ ♣r❡✲☞tt❡❞ ✇✐t❤ ❛♥ ❛✉①✐❧✐❛r② ❝✉r✈❡ P ❂ ✠✭✍✮ ♦♥ t❤❡
✐♥t❡r✈❛❧ ❬✍♠✐♥❀ ✍♠❛①❪ ✇❤❡r❡ ✍♠✐♥ ❂ ♠✐♥ ✭✍✐✮ ❀ ✍♠❛① ❂ ♠❛① ✭✍✐✮ ❀ ✐ ❂ ✶ ✿ ✿ ✿ ◆ ✳ ❚❤❡♥ ✐♥
♦r❞❡r t♦ ❛♣♣r♦①✐♠❛t❡ t❤❡ ✐♥✐t✐❛❧ ❞❛t❛ ✇❡❧❧ t❤❡ ♥♦r♠ ♦❢ ❞✐☛❡r❡♥❝❡ ♦❢ t❤❡ t✇♦ ❢✉♥❝t✐♦♥s
✭t❤❡ t❤❡♦r❡t✐❝❛❧ P   ✍ ❝✉r✈❡ ❛♥❞ t❤❡ ❛✉①✐❧✐❛r② ♦♥❡✮ ♠✉st ❜❡ ♠✐♥✐♠✐③❡❞ ✇❤✐❝❤ ❧❡❛❞s





























❬P ✭✍✮ ✠✭✍✮❪✷ ❞✍✿ ✭✶✻✮
❍❡r❡ P ❂ P ✭✍✮ ✐s t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡✱ ❛♥❞ P ❂ ✠✭✍✮ ✐s t❤❡
❛✉①✐❧✐❛r② ♦♥❡✳
❊①♣r❡ss✐♦♥ P ✭✍✮ ❝❛♥♥♦t ❜❡ ✇r✐tt❡♥ ❡①♣❧✐❝✐t❧②✳ ❚❤❡ ♦♥❧② ❦♥♦✇♥ ❡①♣r❡ss✐♦♥ ❢♦r P
✭❡q✉❛t✐♦♥ ✭✶✺✮✮ ❝♦♥t❛✐♥s ✖❛✳ ❚❤❡r❡❢♦r❡✱ ✖❛ ❜❡❝♦♠❡s ♥❡✇ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐♥ ✭✶✻✮
❜② ♠❡❛♥s ♦❢ ❝❤❛♥❣❡ ♦❢ ✈❛r✐❛❜❧❡s ✍ ❂ ✍❝❢✶ ✭✖❛❀ ✍❝❀ P❝✮ ✇❤✐❝❤ ✐s t❤❡ ☞rst ❡①♣r❡ss✐♦♥ ❢r♦♠
✭✶✺✮✳
❆s t❤❡ r❡s✉❧t ♦❢ t❤✐s✱ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ♦❢ t❤❡ ♣r♦❜❧❡♠ ❜❡❝♦♠❡s
❫✟✭P❝❀ ✍❝✮ ❂ ✍❝
✖❛♠❛①❩
✖❛♠✐♥
❬P❝❢✷ ✭✖❛❀ ✍❝❀ P❝✮ ✠✭✍❝❢✶ ✭✖❛❀ ✍❝❀ P❝✮✮❪✷ ❅❢✶ ✭✖❛❀ ✍❝❀ P❝✮
❅✖❛
❞✖❛✿ ✭✶✼✮
❙✐♥❝❡ ✖❛ ❤❛s ❜❡❝♦♠❡ ❛ ♥❡✇ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✱ t❤❡ ♣r♦❜❧❡♠ ♦❢ ☞♥❞✐♥❣ ✍❝❀ P❝ ♥♦✇
❤❛s ❞✐♠❡♥s✐♦♥ t✇♦✿
❢P ✄❝ ❀ ✍✄❝❣ ❂ ❛r❣♠✐♥ ❫✟✭P❝❀ ✍❝✮✿ ✭✶✽✮
❚❤❡ ❡①♣r❡ss✐♦♥s ✭✶✼✮✲✭✶✽✮ ❡st❛❜❧✐s❤ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ♦❢ t❤❡ ❡①t❡♥❞❡❞
❇● ♠❡t❤♦❞ ✇✐t❤ ♣r❡✲☞tt✐♥❣✳
■♥ t❤❡ ❆♣♣❡♥❞✐① ❆ t❤❡ r❡❛❞❡r ❝❛♥ ☞♥❞ ❛ ♥✉♠❜❡r ♦❢ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s ❦♥♦✇♥
✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ ✇❤✐❝❤ ❞❡s❝r✐❜❡ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ❝♦❛t❡❞ ♠❡❞✐✉♠✱ ❛♥❞ t❤❡r❡❢♦r❡ ❤❛✈❡
✐♠♣♦rt❛♥t ♣r❛❝t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳ ❖♥❡ ♦❢ t❤♦s❡ ♠♦❞❡❧s✱ ❞❡✈❡❧♦♣❡❞ ❜② ■✳ ❆r❣❛t♦✈
❡t ❛❧✳ ❬✷✼❪ ✐s ✉s❡❞ ✐♥ t❤❡ ♣r❡s❡♥t ✇♦r❦ t♦ ♥✉♠❡r✐❝❛❧❧② s✐♠✉❧❛t❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢
t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞✳ t❤❡ ♠♦❞❡❧ ✇❛s ❝❤♦s❡♥ ❢♦r ❜❡♥❝❤♠❛r❦✐♥❣ ♣✉r♣♦s❡s✱ ❛s ❛
❝♦♠♣❧❡① ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ✐♥t❡♥s✐✈❡ ♦♥❡✱ ②❡t s✐♠♣❧❡ ❡♥♦✉❣❤ t♦ q✉✐❝❦❧② ✐♠♣❧❡♠❡♥t
✐t ✐♥ ❛ ❝♦❞❡ ❢♦r t❤❡ ▼❛t❧❛❜ s♦❢t✇❛r❡ ✭▼❛t❤❲♦r❦s✱ ■♥❝✳✱ ◆❛t✐❝❦✱ ▼❆✱ ❯❙❆✮✳
✹ ❚❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞✿ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❛♥❞ ♣r♦❝❡ss✐♥❣ ❡①✲
♣❡r✐♠❡♥t❛❧ ❞❛t❛
❍❡r❡ t❤❡ r❡s✉❧ts ♦❢ ❛ ♥✉♠❜❡r ♦❢ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❛♥❞ t❤❡ r❡s✉❧ts ♦❢ ♣r♦❝❡ss✐♥❣ ❛
r❡❛❧ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛r❡ ♣r❡s❡♥t❡❞✳ ❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s s❤♦✇♥ ❤❡r❡ ✐s
t♦ ❡①❛♠✐♥❡ ❛❝❝✉r❛❝②✱ r♦❜✉st♥❡ss ❛♥❞ ❝♦♥✈❡r❣❡♥❝❡ s♣❡❡❞ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤❡s✳
■♥ t❤❡ r❡❝❡♥t ②❡❛rs ❛ ♥✉♠❜❡r ♦❢ ♣❛♣❡rs r❡❣❛r❞✐♥❣ ❞❡♣t❤✲s❡♥s✐♥❣ ✐♥❞❡♥t❛t✐♦♥ ♦❢
❡❧❛st✐❝ ♠❡❞✐✉♠ ❝♦✈❡r❡❞ ✇✐t❤ ❧❛②❡rs ♦❢ ❛♥♦t❤❡r ♠❛t❡r✐❛❧ ❤❛s ❜❡❡♥ ♣✉❜❧✐s❤❡❞ ✭s❡❡ t❤❡
♣r❡✈✐♦✉s s✉❜s❡❝t✐♦♥✮✳ ■♥ ✈✐❡✇ ♦❢ ♣r❛❝t✐❝❛❧ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤✐s ❦✐♥❞ ♦❢ t❤❡ ♣r♦❜❧❡♠s✱
t❤❡ ♣r♦♣♦s❡❞ ❡①t❡♥s✐♦♥s t♦ t❤❡ ❇● ♠❡t❤♦❞ ✇❡r❡ ☞rst t❡st❡❞ ✐♥ ❛♣♣❧✐❝❛t✐♦♥ t♦ t❤❡
♠♦❞❡❧ ♦❢ ❝♦♥t❛❝t ❜❡t✇❡❡♥ ❛ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r ❛♥❞ ❛♥ ❡❧❛st✐❝ ❧❛②❡r ❜♦♥❞❡❞ t♦ ❛♥
❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡ ❬✷✼❪✳ ■♥ t❤❡ ❝❛s❡ ♦❢ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r t❤❡ s♠❛❧❧♥❡ss ♦❢ t❤❡ r❛t✐♦
♦❢ t❤❡ ❝♦♥t❛❝t r❛❞✐✉s t♦ t❤❡ ❝♦❛t✐♥❣ t❤✐❝❦♥❡ss ♥❡❝❡ss❛r② ❧❡❛❞s t♦ t❤❡ r❡q✉✐r❡♠❡♥t ♦❢
s♠❛❧❧ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤✳ ❍❡♥❝❡✱ ✐♥ ❆♣♣❡♥❞✐① ❇ ✇❡ ❞❡♠♦♥str❛t❡ t❤❛t ❡✈❡♥ ❛t s♠❛❧❧
✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤s t❤❡ s✉❜str❛t❡ ❡☛❡❝t✱ t❤❛t ❡♠❡r❣❡s ❞✉❡ t♦ t❤❡ ❞✐☛❡r❡♥❝❡ ✐♥ t❤❡
♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❧❛②❡r ❛♥❞ t❤❡ ❤❛❧❢✲s♣❛❝❡✱ ✐s ♥♦t ♥❡❣❧✐❣✐❜❧❡✳
■♥ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s✱ t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣
❡①♣r❡ss✐♦♥s ✭✸✸✮ ❛♥❞ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs ✭✸✼✮ ✇❛s ❝♦♥t❛♠✐♥❛t❡❞ ❜② ♥♦✐s❡
❛♥❞ t❤❡ ❞❛t❛ ♦❜t❛✐♥❡❞ ✇❡r❡ ✉s❡❞ t♦ s✐♠✉❧❛t❡ t❤❡ ♥♦✐s② ❡①♣❡r✐♠❡♥t❛❧ r❡❛❞✐♥❣s✳
❈❧❡❛r❧②✱ t❤❡ ❝❤♦✐❝❡ ♦❢ ♣❛rt✐❝✉❧❛r ♠♦❞❡❧ ❤❛s ✐♥✌✉❡♥❝❡ ♦♥ t❤❡ ♦✈❡r❛❧❧ r❡s✉❧t✱ ✇❤❡♥
❛ r❡❛❧ ❡①♣❡r✐♠❡♥t ✐s ❝❛rr✐❡❞ ♦✉t✳ ❍♦✇❡✈❡r✱ ❜✉✐❧❞✐♥❣ s✉✍❝✐❡♥t❧② ❛❝❝✉r❛t❡ ♠♦❞❡❧ ✐s
♥♦t t❤❡ ♣❛rt ♦❢ t❤❡ ❇● ♠❡t❤♦❞✱ ❛♥❞ ✐s ❜❡②♦♥❞ t❤❡ s❝♦♣❡ ♦❢ t❤❡ ♠❛♥✉s❝r✐♣t✳ ❚♦
❛✈♦✐❞ t❤❡ ✐♥✌✉❡♥❝❡ ♦❢ t❤❡ ♣♦ss✐❜❧❡ ✐♥❛❝❝✉r❛❝② ♦❢ t❤❡ ♠♦❞❡❧✱ ✇❡ ✉s❡❞ t❤❡ ♠♦❞❡❧ ✐ts❡❧❢
t♦ ❣❡♥❡r❛t❡ t❤❡ t❡st ❞❛t❛ ❢♦r s✐♠✉❧❛t✐♦♥s✱ t❤✉s t❡st✐♥❣ ♦♥❧② t❤❡ ❛❜✐❧✐t② ♦❢ t❤❡ ❇●
♠❡t❤♦❞ t♦ r❡✲❝r❡❛t❡ t❤❡ ✐♥✐t✐❛❧❧② s❡t ✈❛❧✉❡s ♦❢ s✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs✱ ✇❤✐❧❡ ❢❡❡❞✐♥❣
❛ ♥♦✐s② ❞❛t❛ t♦ ✐t✳ ■♥ t❤✐s ❝❛s❡ t❤❡ s✐♠✉❧❛t✐♦♥ ✇♦r❦✌♦✇ ✇❛s ❛s ❢♦❧❧♦✇s✿
✶✳ ❙❡t t❤❡ ✈❛❧✉❡s ♦❢ ❊✄ ❛♥❞ ✇✳
✷✳ ❈❛❧❝✉❧❛t❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈❛❧✉❡s ♦❢ P❝ ❛♥❞ ✍❝✱ ❛♥❞ ❜✉✐❧❞ t❤❡ t❤❡♦r❡t✐❝❛❧
❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡✳
✸✳ ■♥tr♦❞✉❝❡ ♥♦✐s❡ ✐♥t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ ❞❛t❛✳
✹✳ ❆♣♣❧② t❤❡ ❇● ♠❡t❤♦❞ t♦ ❝♦♥t❛♠✐♥❛t❡❞ ❞❛t❛✱ ✐❞❡♥t✐❢② P❝ ❛♥❞ ✍❝✳
✺✳ ❘❡✲❝❛❧❝✉❧❛t❡ ❊✄ ❛♥❞ ✇ ❢r♦♠ t❤❡ ✐❞❡♥t✐☞❡❞ P❝ ❛♥❞ ✍❝✱ ❝♦♠♣❛r❡ t♦ t❤❡ ✐♥✐t✐❛❧❧②
s❡t ✈❛❧✉❡s✳
❲❤❡♥ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t✱ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❚❛❜♦r✲▼✉❧❧❡r
♣❛r❛♠❡t❡r ✇❛s ❞♦♥❡ ✐♠♠❡❞✐❛t❡❧② ❛❢t❡r s❡tt✐♥❣ t❤❡ s✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs✳ ❍❡♥❝❡✱
✇❡ ❤❛❞ ❛ ♣r✐♦r✐ ❦♥♦✇❧❡❞❣❡ t❤❛t t❤❡ ❏❑❘ t❤❡♦r② ✇❛s ✈❛❧✐❞ ❢♦r t❤❡s❡ s✐♠✉❧❛t✐♦♥s✱
❛♥❞ ♥♦ ❢✉rt❤❡r ❝❤❡❝❦s ✇❡r❡ ♣❡r❢♦r♠❡❞✳ ❍♦✇❡✈❡r✱ ✐t ✇❛s ♥♦t t❤❡ ❝❛s❡ ✇❤❡♥ t❤❡ r❡❛❧
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇❛s ♣r♦❝❡ss❡❞ ✭❙❡❝t✐♦♥ ✹✳✸✮✳ ■♥ t❤❛t st✉❞② t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ❏❑❘
t❤❡♦r② t♦ ❞❡s❝r✐❜❡ t❤❡ ❡①♣❡r✐♠❡♥t ✇❛s ✈❛❧✐❞❛t❡❞ ❛ ♣♦st❡r✐♦r✐✳ ❙❡❡ ❙❡❝t✐♦♥ ✹✳✸ ❢♦r t❤❡
❞❡t❛✐❧s✳
✹✳✶ ❈♦♥✈❡r❣❡♥❝❡ s♣❡❡❞ ❛♥❞ ❛❝❝✉r❛❝② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤❡s
■♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ ❛❝❝✉r❛❝② ❛♥❞ t❤❡ ❝♦♥✈❡r❣❡♥❝❡ s♣❡❡❞ ♦❢ t❤❡ ❜♦t❤ ❡①t❡♥❞❡❞
❢♦r♠✉❧❛t✐♦♥s ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✐♥ t❤❡ ❢♦r♠ ✭✶✶✮ ❛♥❞ ✭✶✼✮✱ ❛ ❞❛t❛ s❡t ♦❢ ✶✵✵ ❞❛t❛
♣♦✐♥ts ✇❛s ❣❡♥❡r❛t❡❞ ✉s✐♥❣ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ ❢♦r ❛❞❤❡s✐✈❡
❝♦♥t❛❝t ❜❡t✇❡❡♥ ❛ r✐❣✐❞ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r ❛♥❞ ❛ ❝♦❛t❡❞ ❡❧❛st✐❝ ♠❡❞✐✉♠ ✭❆♣♣❡♥❞✐①
❆✮✳ ❚❤❡ P ❛♥❞ ✍ ✈❛❧✉❡s ✇❡r❡ ❝♦♥t❛♠✐♥❛t❡❞ ❜② ♠❡❛♥s ♦❢ ❛❞❞✐♥❣ ③❡r♦✲♠❡❛♥ ♥♦r♠❛❧❧②
❞✐str✐❜✉t❡❞ ♥♦✐s❡ ✇✐t❤ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❡q✉❛❧ t♦ ✵✳✵✸ ♦❢ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ P
❛♥❞ ✍ ✐♥ t❤❡ ❞❛t❛ s❡t✳ ❚❤❡ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ✇❡r❡ t❛❦❡♥ ❛s ❢♦❧❧♦✇s✿ ❘ ❂ ✸♠♠✱
❤ ❂ ✶ ♠♠✱ ❊✷ ❂ ✶✵✵ ▼P❛✱ ✗✶ ❂ ✵✿✸❀ ✗✷ ❂ ✵✿✷✺✳
❇♦t❤ t❤❡ r❡✲❢♦r♠✉❧❛t❡❞ ❇● ❛♣♣r♦❛❝❤❡s ✭✶✶✮ ❛♥❞ ✭✶✼✮ ✇❡r❡ ❛♣♣❧✐❡❞ ❛♥❞ t❤❡ ✈❛❧✉❡s
♦❢ ❊✄✶ ❛♥❞ ✇ ✇❡r❡ ✐❞❡♥t✐☞❡❞ t✇✐❝❡✿ ✭✐✮ ❛❧❧ t❤❡ ❞❛t❛ ♣♦✐♥ts ✇❡r❡ ✉s❡❞ ✭✐♥❝❧✉❞✐♥❣ t❤♦s❡
❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ t❡♥s✐❧❡ ♣❛rt ♦❢ t❤❡ P   ✍ ❝✉r✈❡✮✱ ✭✐✐✮ ♦♥❧② t❤❡ ✧❝♦♠♣r❡ss✐✈❡✧
♣❛rt ♦❢ t❤❡ ♥♦✐s② ❞❛t❛ ✭P ❃ ✵✮ ✇❛s ✉s❡❞✳ ❚❤❡ ❡①♣❡❝t❡❞ ✈❛❧✉❡s ✇❡r❡✿ ✇ ❂ ✶✵✻✿✶
♠❏✴♠✷✱ ❊✄✶ ❂ ✼✿✾✵✻ ▼P❛✳
❚❤❡ r❡s✉❧ts ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❞✐r❡❝t ☞tt✐♥❣ ❛♣♣r♦❛❝❤ ✭✶✶✮ ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥
❋✐❣✉r❡ ✹✱ ✇❤❡r❡ ❞♦ts r❡♣r❡s❡♥t ♥♦✐s❡✲❝♦♥t❛♠✐♥❛t❡❞ ❞❛t❛ ♣♦✐♥ts✱ s♦❧✐❞ ❧✐♥❡ ✐s t❤❡
r❡❢❡r❡♥❝❡ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✐♥✐t✐❛❧❧② s❡t ✈❛❧✉❡s ✇ ❂ ✶✵✻✿✶
♠❏✴♠✷✱ ❊✄✶ ❂ ✼✿✾✵✻ ▼P❛✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ ✐s t❤❡ r❡✲❝♦♥str✉❝t❡❞ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t
❝✉r✈❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✈❛❧✉❡s ♦❢ ❊✄✶ ❛♥❞ ✇ ✐❞❡♥t✐☞❡❞ ❜② ♠❡❛♥s ♦❢ t❤❡ ❇● ♠❡t❤♦❞✳
❋✐❣✉r❡ ✹❛ s❤♦✇s ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✭✶✶✮ t♦ t❤❡ ❢✉❧❧ s❡t ♦❢ ❞❛t❛ ♣♦✐♥ts
✭t❤❡ ✐❞❡♥t✐☞❡❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ✇ ❂ ✶✵✾✿✷ ♠❏✴♠✷✱ ❊✄✶ ❂ ✼✿✾✸✾ ▼P❛✮✳ ❋✐❣✉r❡
✹❜ s❤♦✇s ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✭✶✶✮ t♦ t❤❡ ❝♦♠♣r❡ss✐✈❡ ♣❛rt ♦❢ t❤❡ ❞❛t❛
♦♥❧② ✭t❤❡ ✐❞❡♥t✐☞❡❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ✇ ❂ ✶✷✺✿✼ ♠❏✴♠✷✱ ❊✄✶ ❂ ✽✿✸✹✼ ▼P❛✮✳
❚❤❡ s✐♠✐❧❛r r❡s✉❧ts ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✇✐t❤ ♣r❡✲☞tt✐♥❣ ✭✶✼✮ ❛r❡
✐❧❧✉str❛t❡❞ ✐♥ t❤❡ ❋✐❣✉r❡ ✺✳ Pr❡✲☞tt✐♥❣ ✇❛s ❞♦♥❡ ✉s✐♥❣ ❛ ✺✲s❡❣♠❡♥t ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥
✭t❤❛t ✐s✱ ❛ ❧✐♥❡❛r ♣✐❡❝❡✲✇✐s❡ ♣♦❧②♥♦♠✐❛❧✮ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤❡ ♦rt❤♦❣♦♥❛❧ ❞✐st❛♥❝❡
☞tt✐♥❣ ❛♣♣r♦❛❝❤✳ ❋✐❣✉r❡ ✺❛ ✐❧❧✉str❛t❡s ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✭✶✼✮ t♦ t❤❡
❢✉❧❧ s❡t ♦❢ ❞❛t❛ ♣♦✐♥ts ✭t❤❡ ✐❞❡♥t✐☞❡❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ✇ ❂ ✶✵✺✿✶ ♠❏✴♠✷✱
❊✄✶ ❂ ✼✿✽✸✷ ▼P❛✮✳ ❋✐❣✉r❡ ✺❜ ✐❧❧✉str❛t❡s ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✭✶✼✮ t♦ t❤❡
❝♦♠♣r❡ss✐✈❡ ♣❛rt ♦❢ t❤❡ ❞❛t❛ ♦♥❧② ✭t❤❡ ✐❞❡♥t✐☞❡❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ✇ ❂ ✽✽✿✸
♠❏✴♠✷✱ ❊✄✶ ❂ ✼✿✼✺✽ ▼P❛✮✳
❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ♣r❡✲☞tt✐♥❣ ❧✐♥❡ ❛s s✐♠♣❧❡ ❛s ❛ ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥ ❛❧❧♦✇❡❞ ✉s t♦
❡①♣❧✐❝✐t❧② ♣r♦❣r❛♠ ❛ ▼❛t❧❛❜ ❢✉♥❝t✐♦♥ t❤❛t ❡✈❛❧✉❛t❡❞ s✉♠ ♦❢ sq✉❛r❡❞ ♦rt❤♦❣♦♥❛❧
❞✐st❛♥❝❡s ❢r♦♠ ✐♥❞✐✈✐❞✉❛❧ ❞❛t❛ ♣♦✐♥ts t♦ t❤❡ ♣r❡✲☞tt✐♥❣ ❧✐♥❡✳ ▼✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❛t
❢✉♥❝t✐♦♥ ❧❡❞ t♦ ♦♣t✐♠❛❧ ♦rt❤♦❣♦♥❛❧ ☞tt✐♥❣ t❤❡ ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥ t♦ t❤❡ ❞❛t❛ ♣♦✐♥ts
✭❋✐❣✉r❡ ✻✮✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥ ✇❛s s✉♣♣♦s❡❞ t♦ ❤❛✈❡ ◆❙ s❡❣♠❡♥ts
❛♥❞ ◆❙ ✰ ✶ ✈❡rt✐❝❡s✳ ❚❤❡ ☞rst ✈❡rt❡① ❤❛❞ ❛❜s❝✐ss❛ ✍♠✐♥ ❂ ♠✐♥✭✍✶❀ ✿ ✿ ✿ ❀ ✍◆✮✱ t❤❡ ❧❛st
♦♥❡ ❤❛❞ ❛❜s❝✐ss❛ ✍♠❛① ❂ ♠❛①✭✍✶❀ ✿ ✿ ✿ ❀ ✍◆✮ ✭s❡❡ ❋✐❣✉r❡ ✸✮✳ ❚❤❡ ❛❜s❝✐ss❛s ♦❢ t❤❡ ✈❡rt✐❝❡s
✇❡r❡ ✉♥✐❢♦r♠❧② s♣❛❝❡❞✿ t❤❡ ❥✲t❤ ✈❡rt❡① ❛❜s❝✐ss❛ ✇❛s ✍❱ ❥ ❂ ✍♠✐♥ ✰ ✭✍♠❛①   ✍♠✐♥✮✭❥  
✶✮❂◆❙✳ ❚❤❡ ♦r❞✐♥❛t❡s ♦❢ t❤❡ ✈❡rt✐❝❡s P❱ ❥ ✇❡r❡ s✉❜❥❡❝t t♦ ❖❉❋ ☞tt✐♥❣ ✐♥ t❤❡ s♣❛❝❡
♦❢ ❞✐♠❡♥s✐♦♥❧❡ss q✉❛♥t✐t✐❡s ❛s ❢♦❧❧♦✇s✳
❙✐♥❝❡ t❤❡ ✐♥❞❡♥t❡r ❞✐s♣❧❛❝❡♠❡♥t ❛♥❞ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❢♦r❝❡ ❛r❡ q✉❛♥t✐t✐❡s ♦❢ ❞✐❢✲
❢❡r❡♥t ♣❤②s✐❝❛❧ ♥❛t✉r❡ ❛♥❞ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡✱ ♦♥❡ ♥❡❡❞s t♦ ✉s❡ t❤❡✐r ❞✐♠❡♥s✐♦♥❧❡ss
❡q✉✐✈❛❧❡♥ts ✇❤❡♥ ❞✐st❛♥❝❡✲❜❛s❡❞ ☞tt✐♥❣ ❛♣♣r♦❛❝❤❡s ❛r❡ ✉s❡❞✳ ❍❡♥❝❡✱ t♦ ❞♦ ♣r❡✲☞tt✐♥❣
✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤❡ ❖❉❋ ❛♣♣r♦❛❝❤✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ♥♦r♠❛❧✐③❡❞ q✉❛♥t✐t✐❡s ✇❡r❡
✉s❡❞ ✭✐❀ ♥ ❂ ✶❀ ✿ ✿ ✿ ❀ ◆✮✿
✍♥ ❂
✍♥   ❤✍✐✐
♠❛① ✭✍✐✮ ♠✐♥ ✭✍✐✮ ❀
P♥ ❂
P♥   ❤P✐✐
♠❛① ✭P✐✮ ♠✐♥ ✭P✐✮ ✿
✭✶✾✮







❚❤❡ ❝♦♦r❞✐♥❛t❡s ♦❢ ✈❡rt✐❝❡s ♦❢ t❤❡ ♣r❡✲☞tt✐♥❣ ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥ ✇❡r❡ ❝♦♠♣✉t❡❞ ✐♥ t❤❡
s♣❛❝❡ ♦❢ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss q✉❛♥t✐t✐❡s ✍♥ ❛♥❞ P♥✳ ❆❢t❡r✇❛r❞s✱ t❤❡② ✇❡r❡ r❡❝❛❧❝✉❧❛t❡❞







































❋✐❣✉r❡ ✹✿ ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✳ ❘❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ❢r♦♠
♥♦✐s② ❞❛t❛ ✉s✐♥❣ t❤❡ ✈❛r✐❛♥t ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✭✶✶✮✳ ✭❛✮ ❋✉❧❧ ✉♥❧♦❛❞✐♥❣ ❜r❛♥❝❤ ✉s❡❞✳










































❋✐❣✉r❡ ✺✿ ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✳ ❘❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ❢r♦♠
♥♦✐s② ❞❛t❛ ✉s✐♥❣ t❤❡ ✈❛r✐❛♥t ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✭✶✼✮✳ ✭❛✮ ❋✉❧❧ ✉♥❧♦❛❞✐♥❣ ❜r❛♥❝❤ ✉s❡❞✳
✭❜✮ ❖♥❧② ❝♦♠♣r❡ss✐✈❡ st❛❣❡ ✉s❡❞✳
❚❤❡ ❛❜♦✈❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❛❧❧♦✇ ✉s t♦ ❝♦♥❝❧✉❞❡ t❤❛t ❜♦t❤ ❛♣♣r♦❛❝❤❡s ✭✶✶✮






















































❋✐❣✉r❡ ✻✿ ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✳ Pr❡❧✐♠✐♥❛r② ☞tt✐♥❣ ❞❛t❛ ♣♦✐♥ts ✇✐t❤ ❛ ✺ s❡❣♠❡♥t
♣♦❧②❣♦♥❛❧ ❝❤❛✐♥✳ ✭❛✮ ❋✉❧❧ ✉♥❧♦❛❞✐♥❣ ❞❛t❛ ✉s❡❞✳ ✭❜✮ ❈♦♠♣r❡ss✐✈❡ st❛❣❡ ♦♥❧② ✉s❡❞✳
t❤❡② ❝♦✈❡r s✉✍❝✐❡♥t❧② ✇✐❞❡ r❛♥❣❡s ♦❢ ✈❛❧✉❡s ♦❢ P ❛♥❞ ✍✳ ❆ s♦♠❡✇❤❛t ❧♦✇❡r ❛❝❝✉r❛❝②
✐♥ t❤❡ ❝❛s❡ ♦❢ ❝♦♠♣r❡ss✐✈❡ ❞❛t❛ ✉s❛❣❡ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t✇♦ ❢❛❝t♦rs✿ ✭✐✮ s♠❛❧❧❡r
r❛♥❣❡ ♦❢ P ❛♥❞ ✍ ✈❛❧✉❡s✱ ✇❤✐❝❤ ♠❛❦❡s t❤❡ s❧♦♣❡ ♦❢ t❤❡ ☞tt✐♥❣ ❝✉r✈❡ ♠♦r❡ s❡♥s✐t✐✈❡
t♦ t❤❡ ✐♥tr♦❞✉❝❡❞ ♥♦✐s❡✱ ✭✐✐✮ r❡❧❛t✐✈❡❧② s♠❛❧❧ ♥✉♠❜❡r ♦❢ ❞❛t❛ ♣♦✐♥ts ✉s❡❞ ✐♥ t❤❡ s✐♠✲
✉❧❛t✐♦♥ ❛♥❞ t❤❡✐r r❡❧❛t✐✈❡❧② ❤✐❣❤ ❞✐s♣❡rs✐♦♥ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ ❞❛t❛
♣♦✐♥t ❝❧♦✉❞s✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ♣♦✐♥ts ❤❛s ❝❡rt❛✐♥ ✐♥✌✉❡♥❝❡ t♦♦ ❜❡❝❛✉s❡ ❛t r❡❧❛t✐✈❡❧②
❧♦✇ ♥✉♠❜❡r ♦❢ ♣♦✐♥ts t❤❡ ❞❛t❛ ♣♦✐♥t ❝❧♦✉❞ ❜❡❝♦♠❡s ❧❡ss st❛t✐st✐❝❛❧❧② r❡♣r❡s❡♥t❛t✐✈❡✱
❛♥❞✱ ❤❡♥❝❡✱ ✌✉❝t✉❛t✐♦♥s ✐♥ ✐♥❞✐✈✐❞✉❛❧ ♣♦✐♥ts ❤❛✈❡ ❣r❡❛t❡r ✐♥✌✉❡♥❝❡ ♦♥ t❤❡ r❡s✉❧t✳
❚❤❡ ♠♦r❡ ✐♠♣♦rt❛♥t ❝♦♥❝❧✉s✐♦♥ ✐s t❤❛t ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛♥ ❛❞❞✐t✐♦♥❛❧ st❛❣❡ ✭♣r❡✲
☞tt✐♥❣✮ ✐♥ ❞❛t❛ ♣r♦❝❡ss✐♥❣ ❞♦❡s ♥♦t ✐♥✌✉❡♥❝❡ t❤❡ ❛❝❝✉r❛❝② ❧❡✈❡❧ ♦❢ t❤❡ ♠❡t❤♦❞ ♠✉❝❤✳
❍♦✇❡✈❡r t❤❡ ❛♥❛❧②s✐s ♦❢ ❝♦♥✈❡r❣❡♥❝❡ s♣❡❡❞ s❤♦✇s t❤❛t t❤❡ ❇● ♠❡t❤♦❞ ✇✐t❤ ♣r❡✲
☞tt✐♥❣ ✐s t❡♥s t♦ ❤✉♥❞r❡❞s t✐♠❡s ❢❛st❡r t❤❛♥ t❤❡ ❞✐r❡❝t ☞tt✐♥❣ ❛♣♣r♦❛❝❤ ✭✶✶✮✳
❈♦♥s✐❞❡r ❋✐❣✉r❡ ✼ ✐♥ ✇❤✐❝❤ ❝♦♥✈❡r❣❡♥❝❡ ♦❢ t❤❡ ✈❛❧✉❡s ♦❢ P❝ ❛♥❞ ✍❝ ✐s ✐❧❧✉str❛t❡❞
✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ♥✉♠❜❡r ♦❢ ✐t❡r❛t✐♦♥s ✐♥ t❤❡ ❞✐r❡❝t ☞tt✐♥❣ ❛♣♣r♦❛❝❤ ✭❛s ❞❡s❝r✐❜❡❞
✐♥ t❤❡ s✉❜s❡❝t✐♦♥ ✸✳✸✮✳ ❋✐❣✉r❡ ✼❛ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❝❛s❡ ✇❤❡♥ t❤❡ ❢✉❧❧ ❞❛t❛ s❡t ✇❛s
✉s❡❞✱ ✇❤✐❧❡ ❋✐❣✉r❡ ✼❜ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❝❛s❡ ✇❤❡♥ ♦♥❧② ❝♦♠♣r❡ss✐✈❡ ❞❛t❛ ✇❛s ✉s❡❞✳
●✐✈❡♥ t❤❛t t❤❡ ✐♥t❡r❧❡❛✈✐♥❣ ♠✐♥✐♠✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❡①♣❧❛✐♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✸✳✸
✐s s✐♠✐❧❛r t♦ t❤❡ ❝♦♦r❞✐♥❛t❡ ❞❡s❝❡♥t ♠❡t❤♦❞✱ s✉❝❤ s❧♦✇ ❝♦♥✈❡r❣❡♥❝❡ ✐s r❛t❤❡r ❛♥
❡①♣❡❝t❡❞ ❛♥❞ ✐♥❡✈✐t❛❜❧❡ ❜❡❤❛✈✐♦✉r✳ ❆t t❤❡ s❛♠❡ t✐♠❡ t❤❡ ✉s❡ ♦❢ t❤❡ ❇● ♠❡t❤♦❞
✇✐t❤ ♣r❡✲☞tt✐♥❣ r❡q✉✐r❡❞ ❧❡ss t❤❛♥ ✷✵ ✐t❡r❛t✐♦♥s ✐♥ ❡❛❝❤ ❝❛s❡✳
❚❤✉s✱ t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ ✇✐t❤ ♣r❡✲☞tt✐♥❣ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛ r♦❜✉st✱
❛❝❝✉r❛t❡ ❛♥❞ ❢❛st ❛♣♣r♦❛❝❤ t❤❛t ❝❛♥ ❜❡ r❡❝♦♠♠❡♥❞❡❞ ❢♦r ♣r♦❝❡ss✐♥❣ ❧❛r❣❡ ❛♠♦✉♥ts
♦❢ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ❚❤✐s ✈❛r✐❛♥t ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✐s ✉s❡❞ ✐♥ t❤❡ r❡st ♦❢ t❤❡
♣r❡s❡♥t ♣❛♣❡r✳ ■♥ t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥ t❤❡ ♣r♦❜❧❡♠ ♦❢ ✉♥❦♥♦✇♥ ❝♦♦r❞✐♥❛t❡ ♦r✐❣✐♥ ✐♥
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✐s ❞✐s❝✉ss❡❞✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✇✐t❤ ♣r❡✲☞tt✐♥❣













































































































❋✐❣✉r❡ ✼✿ ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✳ ❈♦♥✈❡r❣❡♥❝❡ s♣❡❡❞ ♦❢ t❤❡ ❞✐r❡❝t ☞tt✐♥❣ ❛♣♣r♦❛❝❤
✭✶✶✮✳ ✭❛✮ ❋✉❧❧ ✉♥❧♦❛❞✐♥❣ ❜r❛♥❝❤ ✉s❡❞✳ ✭❜✮ ❈♦♠♣r❡ss✐✈❡ st❛❣❡ ♦♥❧② ✉s❡❞✳
✹✳✷ Pr♦❝❡ss✐♥❣ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✿ t❤❡ ♣r♦❜❧❡♠ ♦❢ ✉♥❦♥♦✇♥ ❝♦♦r❞✐♥❛t❡
♦r✐❣✐♥
❯s✉❛❧❧②✱ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❡q✉✐♣♠❡♥t r❡❝♦r❞s ♣♦s✐t✐♦♥ ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ t♦♦❧ ✉s✐♥❣ ✐ts
♦✇♥ ❤❛r❞✇❛r❡✲r❡❧❛t❡❞ r❡❢❡r❡♥❝❡ ♣♦✐♥t ✐♥ ✇❤✐❝❤ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡
③❡r♦✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❢r♦♠ ❛ ♠❛t❤❡♠❛t✐❝❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇ t❤❡ r❡❢❡r❡♥❝❡ ♣♦✐♥ts
✭❝♦♦r❞✐♥❛t❡ ♦r✐❣✐♥s✮ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ❝✉r✈❡s ✐♥ ❛❞❤❡s✐✈❡ ✭t❤❡ ❏❑❘ t❤❡♦r②✮ ❛♥❞ ♥♦♥✲
❛❞❤❡s✐✈❡ ✭t❤❡ ❍❡rt③ t❤❡♦r②✮ ❝❛s❡s ❝♦✐♥❝✐❞❡ ❛♥❞ ❝♦rr❡s♣♦♥❞ t♦ s✉❝❤ ❛ ❤②♣♦t❤❡t✐❝❛❧
♣♦s✐t✐♦♥ ♦❢ t❤❡ ✐♥❞❡♥t❡r ✐♥ ✇❤✐❝❤ t❤❡ ✐♥❞❡♥t❡r ❛♥❞ t❤❡ s❛♠♣❧❡ t♦✉❝❤ ❛t ❛ s✐♥❣❧❡ ♣♦✐♥t
❛♥❞ ♥♦ ✐♥t❡r♠♦❧❡❝✉❧❛r ❢♦r❝❡s ❛r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ✭❋✐❣✉r❡ ✽❛✮✳ ❙✉❝❤ ❛ ❞✐☛❡r❡♥❝❡
❜❡t✇❡❡♥ t❤❡ ❤❛r❞✇❛r❡ ❝♦♦r❞✐♥❛t❡ ♦r✐❣✐♥ ❛♥❞ t❤❡ t❤❡♦r❡t✐❝❛❧ ♦♥❡ r❡q✉✐r❡s s♦♠❡ s❤✐❢t
✈❛❧✉❡ ✍s t♦ ❜❡ s✉❜tr❛❝t❡❞ ❢r♦♠ t❤❡ r❛✇ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✭♦r ❛❞❞❡❞ t♦ t❤❡ ❛❜s❝✐ss❛s
♦❢ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡✮ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ t❤❡ r✐❣❤t ♣♦s✐t✐♦♥ ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ t♦♦❧
❛♥❞ ❝♦rr❡❝t ❞❛t❛ ☞tt✐♥❣ ✭❋✐❣✉r❡ ✾✮✳
✭❛✮ ✭❜✮ ✭❝✮
❋✐❣✉r❡ ✽✿ ❘❡❧❛t✐✈❡ ♣♦s✐t✐♦♥✐♥❣ ♦❢ t❤❡ ✐♥❞❡♥t❡r ❛♥❞ t❤❡ s♣❡❝✐♠❡♥✳ ✭❛✮ P♦s✐t✐♦♥ ❝♦r✲
r❡s♣♦♥❞✐♥❣ t♦ t❤❡♦r❡t✐❝❛❧ ❝♦♦r❞✐♥❛t❡ ♦r✐❣✐♥ P ❂ ✍ ❂ ✵✳ ✭❜✮ ❚❤❡ r❡❛❧ ♣♦s✐t✐♦♥ ✇❤❡♥
P ❂ ✵✳ ✭❝✮ ❚❤❡ r❡❛❧ ♣♦s✐t✐♦♥ ✇❤❡♥ ✍ ❂ ✵✳
❍♦✇❡✈❡r✱ ✐❞❡♥t✐☞❝❛t✐♦♥ ♦❢ s✉❝❤ ❛ s❤✐❢t ✈❛❧✉❡ ✍s ♠❛② ❜❡ ♣r♦❜❧❡♠❛t✐❝✳ ■♥❞❡❡❞✱ t❤❡
❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♣♦✐♥t ♦❢ ✐♥✐t✐❛❧ ❝♦♥t❛❝t ❜❡t✇❡❡♥ t❤❡ ✐♥❞❡♥t❡r ❛♥❞ t❤❡ s♣❡❝✐♠❡♥ ✐s ❛
♣r✐♦r✐ ✉♥❦♥♦✇♥ ❛s ✇❡❧❧ ❛s t❤❡ ❛❝t✉❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ s♣❡❝✐♠❡♥ s✉r❢❛❝❡ ❛♥❞ t❤❡
✐♥❞❡♥t❡r s✉r❢❛❝❡ ❛t ❛♥② ❣✐✈❡♥ ♠♦♠❡♥t ♦❢ t✐♠❡✳ ▼♦r❡♦✈❡r✱ ✐♥ r❡❛❧✐t② t❤❡ ❝♦♥☞❣✉r❛t✐♦♥
❞❡♣✐❝t❡❞ ✐♥ ✭❋✐❣✉r❡ ✽❛✮ ❝❛♥♥♦t ❜❡ ❛❝❤✐❡✈❡❞ ❢♦r ♠✐❝r♦✲✴♥❛♥♦✐♥❞❡♥t❛t✐♦♥ ❞✉❡ t♦ t❤❡
❛❝t✐♦♥ ♦❢ ❛❞❤❡s✐✈❡ ❢♦r❝❡s✳ ■❢ ♦♥❡ ♠❡❛s✉r❡s ③❡r♦ ✐♥❞❡♥t❛t✐♦♥ ❢♦r❝❡✱ t❤❡♥ t❤❡ ✐♥❞❡♥t❡r
❛❧r❡❛❞② ❤❛s s♦♠❡ ✉♥❦♥♦✇♥ ❞✐s♣❧❛❝❡♠❡♥t ✭❋✐❣✉r❡ ✽❜✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✇❤❡♥
✐♥❞❡♥t❡r ✐s ✐♥ t❤❡ r✐❣❤t ♣♦s✐t✐♦♥✱ ✐t ✐s s✉❜❥❡❝t t♦ s♦♠❡ ♥♦♥③❡r♦ ❛❞❤❡s✐✈❡ ❢♦r❝❡s ✭❋✐❣✉r❡
✽❝✮✳ ▼❡❛s✉r❡♠❡♥t ♥♦✐s❡ ❛♥❞ s♣❡❝✐♠❡♥ s✉r❢❛❝❡ ✐♠♣❡r❢❡❝t✐♦♥s ❛❧s♦ ♠❛s❦ t❤❡ ♠♦♠❡♥t


















❋✐❣✉r❡ ✾✿ ■❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ❝♦♦r❞✐♥❛t❡ ♦r✐❣✐♥ s❤✐❢t ❝♦♥❝❡♣t✳
❍❡♥❝❡✱ ✍s ✐s ❛♥ ❛❞❞✐t✐♦♥❛❧ ✉♥❦♥♦✇♥ ✈❛r✐❛❜❧❡ ✐♥ t❤❡ ❞❛t❛ ☞tt✐♥❣ ♣r♦❝❡ss✳ ❚❤❡
s✐♠♣❧❡st ✇❛② t♦ ✐❞❡♥t✐❢② t❤✐s ✉♥❦♥♦✇♥ q✉❛♥t✐t② ✐s ❛s ❢♦❧❧♦✇s✳ ❋♦r ❡❛❝❤ ❡①♣❡r✐♠❡♥t❛❧
❞❛t❛ s❡t ✐t ✐s s✉❣❣❡st❡❞ t♦ s♦❧✈❡ ❛ ♥✉♠❜❡r ♦❢ tr✐❛❧ ♣r♦❜❧❡♠s ♦❢ t②♣❡ ✭✶✼✮✲✭✶✽✮✳ ■♥ t❤❡
❦✲t❤ tr✐❛❧ ♣r♦❜❧❡♠ t❤❡ ❢♦❧❧♦✇✐♥❣ ❞❛t❛ s❡t ✐s ✉s❡❞ ❢♦r ☞tt✐♥❣✿
✍
✭❦✮
✐ ❂ ✍▼✐   ✍✭❦✮s ❀ P ✭❦✮✐ ❂ P▼✐❀ ✭✐ ❂ ✶ ✿ ✿ ✿ ◆✮ ✭✷✵✮
✇❤❡r❡ ✍▼✐ ❛♥❞ P▼✐ ❞❡♥♦t❡ t❤❡ ✐✲t❤ ♣❛✐r ♦❢ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ♦❢ ❞✐s♣❧❛❝❡♠❡♥t ❛♥❞




✐ st❛♥❞ ❢♦r t❤❡ ✐✲t❤ ♣❛✐r ♦❢ ❞✐s♣❧❛❝❡♠❡♥t ❛♥❞
❢♦r❝❡ ✈❛❧✉❡s ✐♥ t❤❡ ❦✲t❤ tr✐❛❧ ♣r♦❜❧❡♠✳ ❚❤❡ ❝♦rr❡❝t ✈❛❧✉❡ ♦❢ ✍s ✐s s✉♣♣♦s❡❞ t♦ ❣✐✈❡
❛❜s♦❧✉t❡ ♠✐♥✐♠✉♠ ♦❢ t❤❡ ❝♦st ❢✉♥❝t✐♦♥❛❧ ✭✶✼✮ ❛♠♦♥❣ ❛❧❧ t❤❡ tr✐❛❧ ♣r♦❜❧❡♠s✳
❚♦ ✈❡r✐❢② t❤✐s ❛♣♣r♦❛❝❤ ❛ s❡t ♦❢ s✐① ❞❛t❛ s❡ts ✭❋✐❣✉r❡ ✶✵✮ ✇❛s ❣❡♥❡r❛t❡❞ ✉s✐♥❣
t❤❡ ❛s②♠♣t♦t✐❝ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ ♦❢ ❝♦♥t❛❝t ❜❡t✇❡❡♥ ❛♥ ❡❧❛st✐❝ ❧❛②❡r ❜♦♥❞❡❞ t♦
❛♥ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡ ❛♥❞ ❛ r✐❣✐❞ ♣✉♥❝❤ ✭❆♣♣❡♥❞✐① ❆✮✳
❊❛❝❤ ♦❢ t❤❡ s❡ts ❡♠✉❧❛t❡s ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ ❛ s✐♥❣❧❡ ❡①♣❡r✐♠❡♥t❛❧
t❡st✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❛❧❣♦r✐t❤♠ ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ t❤❡ t❤❡♦r❡t✐❝❛❧ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t
❝✉r✈❡ ✭t❤❡ r❡❢❡r❡♥❝❡ ❝✉r✈❡✮ ✇❛s ❝❛❧❝✉❧❛t❡❞✱ t❤❡♥ ♥♦r♠❛❧❧②✲❞✐str✐❜✉t❡❞ ♥♦✐s❡ ✇❛s
❛❞❞❡❞ t♦ t❤❡ r❡❢❡r❡♥❝❡ ❝✉r✈❡ s♦ t❤❛t s✐① ❞✐☛❡r❡♥t ❞❛t❛ s❡ts ✇❡r❡ ♦❜t❛✐♥❡❞✳ ❚❤❡
❛❞❞❡❞ ♥♦✐s❡ ✇❛s ③❡r♦✲♠❡❛♥ ✇✐t❤ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❡q✉❛❧ t♦ ✼✳✺✪ ♦❢ ❥♠✐♥✭✍✮❥ ❛♥❞
❥♠✐♥✭P ✮❥ ❢♦r ❞✐s♣❧❛❝❡♠❡♥t ❛♥❞ ❢♦r❝❡ ✈❛❧✉❡s r❡s♣❡❝t✐✈❡❧②✳ ❆ r❛♥❞♦♠ s❤✐❢t ✇❛s ✐♥tr♦✲
❞✉❝❡❞ ✐♥t♦ t❤❡ ✈❛❧✉❡s ♦❢ ✍ ❛s ✇❡❧❧✳
❚❤❡ ✈❛❧✉❡s ♦❢ ❊✄✶ ❛♥❞ ✇ ✇❡r❡ ✐❞❡♥t✐☞❡❞ ✉s✐♥❣ t❤❡ ❛♣♣r♦❛❝❤ ✭✶✼✮✲✭✶✽✮ ✇✐t❤ ♣r❡✲
☞tt✐♥❣ ♣❡r❢♦r♠❡❞ ✐♥❞❡♣❡♥❞❡♥t❧② ❢♦r ❡❛❝❤ s❡t ✭✺✲s❡❣♠❡♥t ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥ ✇❛s ✉s❡❞
❢♦r ♣r❡❧✐♠✐♥❛r② ☞tt✐♥❣✮✳ ❊①♣❡❝t❡❞ ✈❛❧✉❡s ✇❡r❡ ✇ ❂ ✶✵✻✿✶ ♠❏✴♠✷✱ ❊✄✶ ❂ ✼✿✾✵✻ ▼P❛✱
t❤❡ s❛♠❡ ❛s ✐♥ t❤❡ ♣r❡✈✐♦✉s s✐♠✉❧❛t✐♦♥✳ ❚❤❡ r❡s✉❧ts ♦❢ ✐❞❡♥t✐☞❝❛t✐♦♥ ✇❡r❡ ❛s ❢♦❧❧♦✇s✳









































































































❋✐❣✉r❡ ✶✵✿ ✭❛✮✲✭❢✮ ❉❛t❛ s❡ts ✭❞♦ts✮ ✇✐t❤ ✐♥tr♦❞✉❝❡❞ r❛♥❞♦♠ s❤✐❢ts ✐♥ ❞✐s♣❧❛❝❡♠❡♥t
r❡❛❞✐♥❣s ✍ ✇❤✐❝❤ ✇❡r❡ ✉s❡❞ t♦ s✐♠✉❧❛t❡ r❡❛❧ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡ r❡♣✲
r❡s❡♥ts t❤❡ r❡❢❡r❡♥❝❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ✉s❡❞ t♦ ♦❜t❛✐♥ t❤❡ ❞❛t❛ s❡ts✳
✐♥ ♠❏✴♠✷✿ ✶✶✵✳✷✱ ✶✶✶✳✷✱ ✶✵✾✳✽✱ ✶✵✾✳✶✱ ✶✵✼✳✼✱ ✶✵✽✳✻✳ ❆❢t❡r ❛✈❡r❛❣✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣
✐❞❡♥t✐☞❡❞ ✈❛❧✉❡s ♦❢ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ❛♥❞ ❡☛❡❝t✐✈❡ ❡❧❛st✐❝ ♠♦❞✉❧✉s ✇❡r❡ ♦❜t❛✐♥❡❞✿
✇ ❂ ✶✵✾✿✹ ♠❏✴♠✷✱ ❊✄✶ ❂ ✼✿✽✹✾ ▼P❛✳ ❘❡❧❛t✐✈❡ ❡rr♦rs t❤❡r❡❢♦r❡ ✇❡r❡ ✸✳✶✸✪ ❛♥❞
✵✳✼✷✪ r❡s♣❡❝t✐✈❡❧②✳ ❙t❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ✇❡r❡ ✛✇ ❂ ✶✿✷✸✸ ♠❏✴♠
✷✱ ✛❊✄ ❂ ✵✿✵✻✻✺✶
▼P❛✳
❚❤❡ s❤✐❢t ✈❛❧✉❡ ❢♦r ❡❛❝❤ ❞❛t❛ s❡t ✇❛s ✐❞❡♥t✐☞❡❞ ❞✉r✐♥❣ ❛ t✇♦ st❛❣❡ ♣r♦❝❡ss✳ ❖♥
t❤❡ ☞rst st❛❣❡ t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡ ♠✐♥✐♠✉♠ ♦❢ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ✇✐t❤ r❡s♣❡❝t
t♦ s❤✐❢t ✐♥ ✍ ✇❛s ❢♦✉♥❞ ❜② ♠❡❛♥s ♦❢ t❤❡ ✉s❛❣❡ ♦❢ ❧✐♥❡❛r❧② s♣❛❝❡❞ s❡t ♦❢ t❤❡ ✈❛❧✉❡s
♦❢ ✍s✳ ❚❤❡♥ t❤❡ ✈❛❧✉❡ ♦❢ ✍s ✇❛s r❡☞♥❡❞ ✉s✐♥❣ t❤❡ ♠❡t❤♦❞ ♦❢ ❣♦❧❞❡♥ s❡❝t✐♦♥✳ ❉✉r✐♥❣
❡❛❝❤ ♦❢ t❤❡s❡ tr✐❛❧ ❝❛❧❝✉❧❛t✐♦♥s t❤❡ ❝❤♦s❡♥ ✈❛❧✉❡ ♦❢ ✍s ✇❛s s✉❜tr❛❝t❡❞ ❢r♦♠ t❤❡ ✈❛❧✉❡s
♦❢ t❤❡ ❞❛t❛ s❡t ✭❛s s✉❣❣❡st❡❞ ❜② ✭✷✵✮✮ ❛♥❞ t❤❡ ❢✉♥❝t✐♦♥❛❧ ✭✶✼✮ ✇❛s ♠✐♥✐♠✐③❡❞ ✉s✐♥❣
❜✉✐❧t✲✐♥ r♦✉t✐♥❡s ♦❢ ▼❛t❧❛❜ s♦❢t✇❛r❡ ✇❤✐❝❤ r❡s✉❧t❡❞ ✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈❛❧✉❡s ♦❢
P❝ ❛♥❞ ✍❝✳ ❚❤❡ ❧❛tt❡r ✈❛❧✉❡s ✇❡r❡ ✉s❡❞ ❢♦r ❡✈❛❧✉❛t✐♦♥ ♦❢ ❊
✄
✶ ❛♥❞ ✇ ❛❢t❡r t❤❡ ❣❧♦❜❛❧
♠✐♥✐♠✉♠ ✐♥ t❤❡ ❢✉♥❝t✐♦♥❛❧ ✈❛❧✉❡s ✇✐t❤ r❡s♣❡❝t t♦ ✍s ❤❛❞ ❜❡❡♥ r❡❛❝❤❡❞✳
✹✳✸ ■❞❡♥t✐☞❝❛t✐♦♥ ♦❢ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❢r♦♠ r❡❛❧ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛
❚♦ t❡st t❤❡ t✇♦✲st❛❣❡ ❛♣♣r♦❛❝❤ t♦ ✐❞❡♥t✐☞❝❛t✐♦♥ ♦❢ ❡❧❛st✐❝ ❛♥❞ ❛❞❤❡s✐✈❡ ♣r♦♣❡rt✐❡s
♦❢ ♠❛t❡r✐❛❧s ✇✐t❤ ♣r❡✲☞tt✐♥❣ ✭s❡❡ ❊qs✳ ✭✶✼✮✲✭✶✽✮✮ ❛♥❞ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ✉♥❦♥♦✇♥
❝♦♦r❞✐♥❛t❡ ♦r✐❣✐♥ ✇❡ ✉s❡❞ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢r♦♠ t❤❡ ✇♦r❦ ❜② ❇♦r♦❞✐❝❤ ❡t ❛❧✳ ❬✶✹❪✳
■♥ t❤❡ ♣❛♣❡r ❬✶✹❪✱ t❤❡ ❇● ♠❡t❤♦❞ ✇❛s ✉s❡❞ t♦ ✐❞❡♥t✐❢② ♣r♦♣❡rt✐❡s ♦❢ ♣♦❧②✈✐♥②❧
s②❧♦①❛♥❡ ✭P❱❙✮✱ ❛ s♦❢t ❡❧❛st♦♠❡r ✇✐❞❡❧② ✉s❡❞ ❛s ❛♥ ✐♠♣r❡ss✐♦♥ ♠❛t❡r✐❛❧✱ ✐♥ ♣❛rt✐❝✉❧❛r✱
✐♥ ❞❡♥t✐str②✳ ❚✇♦ s❡r✐❡s ♦❢ s✐① s♣❡❝✐♠❡♥s ✇❡r❡ st✉❞✐❡❞ ✭✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❡①tr❛
❝❧❡❛♥✐♥❣ ♦❢ t❤❡ s✉r❢❛❝❡✮ ✉s✐♥❣ ❛ ❝✉st♦♠✲❜✉✐❧t ❢♦r❝❡ ♠❡❛s✉r❡♠❡♥t ❞❡✈✐❝❡ ❇❛s❛❧t✲✶
✭❚❊❚❘❆ ●♠❜❍✱ ■❧♠❡♥❛✉✱ ●❡r♠❛♥②✮✳ ❊❛❝❤ ♦❢ t❤❡ s♣❡❝✐♠❡♥s ✇❛s ♠❛❞❡ ♦❢ ❛ t❤✐❝❦
P❱❙ ❧❛②❡r ❡☛❡❝t✐✈❡❧② ❝♦♥s✐❞❡r❡❞ ❛s ❛ ❤❛❧❢✲s♣❛❝❡✳ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲
✉♣ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✶✶❛✳ ■♥❞❡♥t❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t ❜② ♠❡❛♥s ♦❢ s❛♣♣❤✐r❡ ❜❛❧❧s
♦❢ t✇♦ ❞✐☛❡r❡♥t r❛❞✐✐ ✭✶ ❛♥❞ ✸ ♠♠ ❜❛❧❧s ✉s❡❞ ❢♦r ❡❛❝❤ s♣❡❝✐♠❡♥✮ ✐♥st❛❧❧❡❞ ♦♥ t❤❡
❡♥❞ ♦❢ ❛ ❝❛♥t✐❧❡✈❡r ❜❡❛♠ ♦❢ ❦♥♦✇♥ st✐☛♥❡ss✳ ❚❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♦♣♣♦s✐t❡ ❡♥❞ ♦❢ t❤❡
❝❛♥t✐❧❡✈❡r ❜❡❛♠ ✇❛s ❝♦♥tr♦❧❧❡❞ ❡❧❡❝tr♦♥✐❝❛❧❧② ❜② ♠❡❛♥s ♦❢ ❛ ♣✐❡③♦✲❞r✐✈❡✳ P♦s✐t✐♦♥s
♦❢ t❤❡ ❜♦t❤ ❡♥❞s ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r ✇❡r❡ ♠❡❛s✉r❡❞ ❜② ♠❡❛♥s ♦❢ ♦♣t✐❝❛❧ s❡♥s♦rs✳ ❚❤❡s❡
r❡❛❞✐♥❣s ✇❡r❡ t❤❡♥ ❝♦♥✈❡rt❡❞ ✐♥t♦ t❤❡ ✈❛❧✉❡s ♦❢ ❛♣♣❧✐❡❞ ✐♥❞❡♥t❛t✐♦♥ ❢♦r❝❡ ❛♥❞ t❤❡
❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ✐♥❞❡♥t❡r ❜❛❧❧ ✭❋✐❣✉r❡ ✶✶❜✮✳ ❚❤❡ ✈❛❧✉❡s ♦❢ t❤❡ r❡❞✉❝❡❞ ❝♦♥t❛❝t
♠♦❞✉❧✉s ❊✄ ❛♥❞ t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ✇ ✐❞❡♥t✐☞❡❞ ✐♥ ❬✶✹❪ ❛r❡ ✉s❡❞ ❤❡r❡ ✭s❡❡ ❋✐❣✉r❡






























indenter displacement δ, µm
DSI data
✭❛✮ ✭❜✮
❋✐❣✉r❡ ✶✶✿ ✭❛✮ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❉❙■ s❡t✉♣✳ ✭❜✮ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ ❢♦r❝❡✲
❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡✳
❚✇♦ s❡r✐❡s ♦❢ s✐① s♣❡❝✐♠❡♥s ❡❛❝❤ t❡st❡❞ ✇✐t❤ ✶ ❛♥❞ ✸ ♠♠ ❜❛❧❧s ♣r♦❞✉❝❡❞ ✷✹ ❞❛t❛
s❡ts ✐♥ t♦t❛❧✳ ■♥ t❤❡ ♣r❡s❡♥t ✇♦r❦✱ ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ❞❛t❛ s❡t ✇❛s ♣r♦❝❡ss❡❞ ✉s✐♥❣ t❤❡
❡①t❡♥❞❡❞ ❇● ❛♣♣r♦❛❝❤ ✭✶✼✮✲✭✶✽✮ ❛s ❢♦❧❧♦✇s✳
❉✉❡ t♦ s♠❛❧❧ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤✱ t❤❡ ❝❧❛ss✐❝❛❧ ❏❑❘ t❤❡♦r② ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t
✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ❛ r✐❣✐❞ s♣❤❡r❡ ❛♥❞ ❛♥ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡ ✇❛s ✉s❡❞✳ ❚❤❡ ♣❛rt✐❝✉❧❛r
r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ✇❛s ❝❤♦s❡♥ ✐♥ t❤❡ ♣r❡s❡♥t






✶ ✰ ✖❛  ✶







❚❤❡s❡ ❡①♣r❡ss✐♦♥s ❜❡❝❛♠❡ ♣❛rt✐❝✉❧❛r ❢♦r♠ ♦❢ t❤❡ ❢♦r♠✉❧❛❡ ✭✶✺✮ ✉s❡❞ t♦ ♣r♦❝❡ss ❡①♣❡r✲
✐♠❡♥t❛❧ ❞❛t❛✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs P❝ ❛♥❞ ✍❝ ✇❡r❡ ❞❡☞♥❡❞ ✉s✐♥❣ ❢♦r♠✉❧❛❡
✭✺✮✳
Pr❡❧✐♠✐♥❛r② ☞tt✐♥❣ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇❛s ❞♦♥❡ ❜② ♠❡❛♥s ♦❢ ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥
✇❤✐❝❤ ✇❛s ✉s❡❞ ❛s t❤❡ ♣r❡✲☞tt✐♥❣ ❢✉♥❝t✐♦♥ P ❂ ✠✭✍✮ ✐♥ ✭✶✼✮✳ ❙✐♥❝❡ t❤❡ ♥✉♠❜❡r
♦❢ s❡❣♠❡♥ts ✐♥ t❤❡ ♣r❡✲☞tt✐♥❣ ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥ ❤❛s s♦♠❡ ✐♥✌✉❡♥❝❡ ♦♥ t❤❡ ✐❞❡♥t✐☞❡❞
✈❛❧✉❡s ♦❢ ❊✄ ❛♥❞ ✇✱ t❤❡ ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ✇❛s ✈❛r✐❡❞ ❢r♦♠ ✸ t♦ ✶✵✳ ❊✈❡r② t✐♠❡
t❤❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ✇❡r❡ ✐❞❡♥t✐☞❡❞ s❡♣❛r❛t❡❧② ❢♦r ❡❛❝❤ ♦❢ t❤❡ ✷✹ ❞❛t❛ s❡ts✳ ❆s
t❤❡ r❡s✉❧t ♦❢ st❛t✐st✐❝❛❧ ♣♦st✲♣r♦❝❡ss✐♥❣✱ t❤❡ ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ❤❊✄✐ ✐ ❛♥❞ ❤✇✐✐ ❛s ✇❡❧❧
❛s t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ✛❊✄ ❛♥❞ ✛✇ ✇❡r❡ ❝♦♠♣✉t❡❞✳
❚❤❡ ❞❡♣❡♥❞❡♥❝② ♦❢ t❤❡ ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢ t❤❡ r❡❞✉❝❡❞ ❡❧❛st✐❝ ❝♦♥t❛❝t ♠♦❞✉❧✉s
❛♥❞ t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✷❛✳ ❚❤❡
❛✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢ ❊✄ ✈❛r② ❢r♦♠ ✷✳✷✹✽ t♦ ✷✳✷✼✹ ▼P❛✱ t❤❡ ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢ ✇ ✈❛r②
❢r♦♠ ✺✺✳✶✽ t♦ ✺✾✳✺✻ ♠❏✴♠✷✳ ❚❤❡ ❞❡♣❡♥❞❡♥❝② ♦❢ t❤❡ ✈❛❧✉❡s ♦❢ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s























































number of segments in the pre-fitting line, NS
averaged values of E∗




















































❋✐❣✉r❡ ✶✷✿ ❚❤❡ r❡s✉❧ts ♦❢ ♣r♦❝❡ss✐♥❣ ♦❢ t❤❡ r❛✇ ❡①♣❡r✐♠❡♥t❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❉❙■
❞❛t❛ ❛❢t❡r t❤❡ ♣❛♣❡r ❜② ❇♦r♦❞✐❝❤ ❡t ❛❧✳ ❬✶✹❪✳ ✭❛✮ ❆✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢ r❡❞✉❝❡❞ ❡❧❛st✐❝
❝♦♥t❛❝t ♠♦❞✉❧✉s ❛♥❞ t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ✈❡rs✉s t❤❡ ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ✐♥ t❤❡
♣r❡✲☞tt✐♥❣ ❝✉r✈❡✳ ✭❜✮ ❙t❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ♦❢ t❤❡ ✐❞❡♥t✐☞❡❞ P❱❙ ♣r♦♣❡rt✐❡s ✈❛❧✉❡s
✈❡rs✉s t❤❡ ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ✐♥ t❤❡ ♣r❡✲☞tt✐♥❣ ❝✉r✈❡✳
❚♦ ✐❞❡♥t✐❢② t❤❡ ♦♣t✐♠❛❧ ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ✐♥ t❤❡ ♣r❡✲☞tt✐♥❣ ❧✐♥❡✱ t❤❡ ❢♦❧❧♦✇✐♥❣
❞✐♠❡♥s✐♦♥❧❡ss ♠❡❛s✉r❡s ❝❛♥ ❜❡ ✉s❡❞✳ ❚❤❡ ❣♦♦❞♥❡ss ♦❢ ✐❞❡♥t✐☞❝❛t✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧
♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡❧❛t✐✈❡ st❛♥❞❛r❞ ❞❡✈✐❛✲




❀ ❝✈ ✇ ❂
✛✇
❤✇✐✐ ✭✷✷✮
✇❤❡r❡ ❝✈ ❊✄ ❛♥❞ ❝✈ ✇ ❛r❡ r❡❧❛t✐✈❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❢♦r ❊
✄ ❛♥❞ ✇ ❝♦rr❡s♣♦♥❞✐♥❣❧②✳
❖♣t✐♠❛❧ s❡tt✐♥❣s s❤♦✉❧❞ ♣r♦❞✉❝❡ ♠✐♥✐♠❛❧ s❝❛tt❡r ♦❢ t❤❡ ✐❞❡♥t✐☞❡❞ ✈❛❧✉❡s ♦❢ ♠❛✲
t❡r✐❛❧ ♣r♦♣❡rt✐❡s✳ ❍♦✇❡✈❡r✱ ✐♥ t❤❡ ♣r❡s❡♥t st✉❞② t❤❡ ❝♦♠♣✉t❡❞ ✈❛❧✉❡s ♦❢ ❝✈ ❊✄ ❛♥❞
❝✈ ✇ r❡❛❝❤❡❞ ♠✐♥✐♠✉♠ ❛t ❞✐☛❡r❡♥t ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ✐♥ t❤❡ ♣r❡✲☞tt✐♥❣ ❧✐♥❡ ✭❋✐❣✲
✉r❡ ✶✸✮✳ ❍❡♥❝❡✱ ❣❡♥❡r❛❧✐③❡❞ ✈❛r✐❛♥❝❡ ✇❛s ✉s❡❞ ❛s ❛ s✐♥❣❧❡ s❝❛❧❛r ♠❡❛s✉r❡ ♦❢ ♦✈❡r❛❧❧
♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ s❝❛tt❡r ♦❢ ♣♦✐♥ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✐❞❡♥t✐☞❡❞ ✈❛❧✉❡s ♦❢ ❊✄ ❛♥❞ ✇
♦♥ t❤❡ ✭✇❀❊✄✮ ♣❧❛♥❡✳ ●❡♥❡r❛❧✐③❡❞ ✈❛r✐❛♥❝❡ ❥✝❥ ✐s ❞❡☞♥❡❞ ❛s t❤❡ ❞❡t❡r♠✐♥❛♥t ♦❢ t❤❡
❝♦✈❛r✐❛♥❝❡ ♠❛tr✐① ✝ ✭❊✄✐ ❀ ✇✐✮ ♦❢ r❛♥❞♦♠ q✉❛♥t✐t✐❡s ❊
✄ ❛♥❞ ✇ ❬✺✾✱ ✻✵❪✿
❥✝❥ ❂ ❞❡t ✭✝ ✭❊✄✐ ❀ ✇✐✮✮ ✿ ✭✷✸✮
■♥ t❤❡ ♣r❡s❡♥t st✉❞② ❣❡♥❡r❛❧✐③❡❞ ✈❛r✐❛♥❝❡ ✇❛s ❝♦♠♣✉t❡❞ ✉s✐♥❣ ♥♦r♠❛❧✐③❡❞ ❞❛t❛










































































number of segments in the pre-fitting line, NS
rel. std. deviation cv E∗
rel. std. deviation cv w
generalized variance |Σ|∗
❋✐❣✉r❡ ✶✸✿ ❉✐♠❡♥s✐♦♥❧❡ss ♠❡tr✐❝s ❞❡s❝r✐❜✐♥❣ ❣♦♦❞♥❡ss ♦❢ ☞t ✈❡rs✉s t❤❡ ♥✉♠❜❡r ♦❢
s❡❣♠❡♥ts ✐♥ t❤❡ ♣r❡✲☞tt✐♥❣ ❝✉r✈❡✿ r❡❧❛t✐✈❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❝✈ ❊✄ ✱ ❝✈ ✇ ❛♥❞ ❣❡♥❡r✲
❛❧✐③❡❞ ✈❛r✐❛♥❝❡ ❥✝❥✄
❚❤❡ ❞❡♣❡♥❞❡♥❝② ♦❢ ❥✝❥✄ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ◆❙ ✐♥ t❤❡ ♣r❡✲☞tt✐♥❣ ❧✐♥❡ ✐s
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✸✳ ■t r❡❛❝❤❡❞ ♠✐♥✐♠✉♠ ❛t ◆❙ ❂ ✽✳ ❚❤✉s✱ ◆❙ ❂ ✽ ✇❛s ❝♦♥s✐❞❡r❡❞
❛s t❤❡ ♦♣t✐♠❛❧ ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ♣r♦❞✉❝✐♥❣ ❜❡st ☞t ❢♦r t❤❡ ❞❛t❛ ✉s❡❞✳
■♥ ❋✐❣✉r❡ ✶✹❛ t❤❡ r❡s✉❧ts ♦❢ ✐❞❡♥t✐☞❝❛t✐♦♥ ❛r❡ s❤♦✇♥ ❢♦r ♣r❡✲☞tt✐♥❣ ✇✐t❤ ✽✲s❡❣♠❡♥t
❧✐♥❡✳ ❚❤❡s❡ r❡s✉❧ts ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ♦♣t✐♠❛❧ ❛♥❞ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ✈❛❧✉❡s ♦❢ ❊✄ ❛♥❞
✇ ♦❜t❛✐♥❡❞ ✐♥ ❬✶✹❪ ❜② ♠❡❛♥s ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞ ✭❋✐❣✉r❡ ✶✹❜✮✳ ■♥ ❚❛❜❧❡ ✶ t❤❡
st❛t✐st✐❝❛❧ ♠❡❛s✉r❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ t✇♦ ❝❛s❡s ❛r❡ ♣r❡s❡♥t❡❞✿ t❤❡ ❛✈❡r❛❣❡❞ ✈❛❧✉❡
♦❢ t❤❡ r❡❞✉❝❡❞ ❝♦♥t❛❝t ♠♦❞✉❧✉s ❤❊✄✐ ✐✱ t❤❡ ❛✈❡r❛❣❡❞ ✈❛❧✉❡ ♦❢ t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥
❤✇✐✐✱ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ✛❊✄ ❛♥❞ ✛✇✳ ❚❤❡ r❡❧❛t✐✈❡ ❞✐☛❡r❡♥❝❡s





✇❤❡r❡ ◗ ❞❡♥♦t❡s ♦♥❡ ♦❢ t❤❡ ♣❤②s✐❝❛❧ q✉❛♥t✐t✐❡s ❧✐st❡❞ ❛❜♦✈❡✱ s✉♣❡rs❝r✐♣ts ✧❡①t✧
❛♥❞ ✧♦r✐❣✧ ❞❡♥♦t❡ t❤❡ ❡①t❡♥❞❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✭✶✼✮✲✭✶✽✮ ❛♥❞
t❤❡ ♦r✐❣✐♥❛❧ ♦♥❡ ❬✶✹❪ ❝♦rr❡s♣♦♥❞✐♥❣❧②✳ ❚❤❡ ❝♦♠♣❧❡t❡ r❡s✉❧t s❡t ❢♦r t❤❡ ♥✉♠❜❡r ♦❢
s❡❣♠❡♥ts ✈❛r✐❡❞ ❢r♦♠ ✸ t♦ ✶✵ ✐s s❤♦✇♥ ✐♥ ❆♣♣❡♥❞✐① ❈✳
❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ r❡s✉❧ts ♣r♦❞✉❝❡❞ ❜② t❤❡ ♦r✐❣✐♥❛❧ ❛♥❞ t❤❡ ❡①t❡♥❞❡❞ ❇●♠❡t❤♦❞s
❧❡❛❞s t♦ ❛♥ ✐♠♣♦rt❛♥t ❝♦♥❝❧✉s✐♦♥ t❤❛t ❛t ♦♣t✐♠❛❧ s❡tt✐♥❣s t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞
♣r♦❞✉❝❡s ✈❡r② s✐♠✐❧❛r ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢ t❤❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✱ ❛♥❞ ②❡t ✐t ❤❛s ❜❡tt❡r
♣❡r❢♦r♠❛♥❝❡ ✐♥ t❡r♠s ♦❢ ❧❡ss❡r s❝❛tt❡r ♦❢ t❤❡ ✐❞❡♥t✐☞❡❞ ✈❛❧✉❡s ✭✐✳❡✳ ❧♦✇❡r st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ✈❛❧✉❡s✮✳
■♥❞❡❡❞✱ t❤❡ ❝♦♥s✐❞❡r❡❞ ❉❙■ t❡sts ❢❛❧❧ ✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢ ❛♣♣❧✐❝❛❜✐❧✐t② ♦❢ t❤❡ ❏❑❘








✇❤❡r❡ ❘ ✐s t❤❡ ❡☛❡❝t✐✈❡ ❝✉r✈❛t✉r❡ r❛❞✐✉s ♦❢ ❝♦♥t❛❝t✐♥❣ ❜♦❞✐❡s ✭✐❢ ❛ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r
✐s ✐♥ ❝♦♥t❛❝t ✇✐t❤ ❛ ♣❧❛♥❡✱ ❘ ✐s ❡q✉❛❧ t♦ t❤❡ r❛❞✐✉s ♦❢ t❤❡ s♣❤❡r❡✮❀ ③✵ ✐s t❤❡ ❡q✉✐❧✐❜r✐✉♠
❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❛t♦♠s ♦❢ t❤❡ ❝♦♥t❛❝t✐♥❣ ❜♦❞✐❡s✱ ✉s✉❛❧❧② ❛ss✉♠❡❞ t♦ ❜❡ ✵✳✸✳✳✳✵✳✺ ♥♠✳
❚❤✐s ♣❛r❛♠❡t❡r ✐s s✉✐t❛❜❧❡ ❢♦r ❝❧❡❛r ❞✐st✐♥❝t✐♦♥ ♦❢ ❛♣♣❧✐❝❛❜✐❧✐t② ❜♦✉♥❞❛r② ❜❡t✇❡❡♥
t❤❡ ❏❑❘ ❛♥❞ ❉▼❚ t❤❡♦r✐❡s ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t✳
❆ss✉♠✐♥❣ ③✵ ❂ ✵✿✹ ♥♠ ❛♥❞ ✉s✐♥❣ t❤❡ ✐❞❡♥t✐☞❡❞ t♦t❛❧ ♠❛①✐♠✉♠ ❛♥❞ ♠✐♥✐♠✉♠
✈❛❧✉❡s ♦❢ t❤❡ r❡❞✉❝❡❞ ❡❧❛st✐❝ ♠♦❞✉❧✉s ✭✷✳✻✾ ❛♥❞ ✶✳✽✺ ▼P❛ ❝♦rr❡s♣♦♥❞✐♥❣❧②✮✱ t❤❡
✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ✭✻✸✳✸ ❛♥❞ ✸✾✳✽ ♠❏✴♠✷ ❝♦rr❡s♣♦♥❞✐♥❣❧②✮✱ ❛♥❞ t❤❡ ✐♥❞❡♥t❡r r❛❞✐✐✱
♦♥❡ ❝❛♥ ❡st✐♠❛t❡ t❤❡ r❛♥❣❡ ♦❢ t❤❡ ❚❛❜♦r✲▼✉❧❧❡r ♣❛r❛♠❡t❡r ❛s ✶✺✵✻ ✔ ✖ ✔ ✸✽✵✵
✇❤✐❝❤ ✐s ♠✉❝❤ ❣r❡❛t❡r t❤❛♥ t❤❡ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ✖ ❂ ✶✳ ❚❤✐s ❥✉st✐☞❡s t❤❡ ✉s❡ ♦❢ t❤❡
❏❑❘ t❤❡♦r②✳
❘❡♠❛r❦✳ ■♥ t❤❡ r❡❝❡♥t ✇♦r❦ ❜② P❡r❡♣❡❧❦✐♥ ❡t ❛❧✳ ❬✷✵❪ t❤❡ ♣r♦♣♦s❡❞ ❡①t❡♥❞❡❞
✈❛r✐❛♥t ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ✇✐t❤ ♣r❡✲☞tt✐♥❣ ❤❛s ❜❡❡♥ ❡①♣❡r✐♠❡♥t❛❧❧② ✈❛❧✐❞❛t❡❞✳ ❚✇♦
t②♣❡s ♦❢ s♣❡❝✐♠❡♥s ✇❡r❡ ♠❛❞❡ ♦❢ t❤❡ s❛♠❡ ❝❤❛r❣❡ ♦❢ P❱❙✱ ❛♥❞ t✇♦ ❞✐☛❡r❡♥t ❡①♣❡r✐✲
♠❡♥ts ✇❡r❡ ❝❛rr✐❡❞ ♦✉t✿ ✭✐✮ ❞❡♣t❤ s❡♥s✐♥❣ ✐♥❞❡♥t❛t✐♦♥ ✉s✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✶❛ ✭✐♥❝❧✉❞✐♥❣ ♣♦st✲♣r♦❝❡ss✐♥❣ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❜② ♠❡❛♥s
♦❢ t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞✮✱ ✭✐✐✮ t❡♥s✐❧❡ t❡st✐♥❣ ♦❢ ❞✉♠❜❜❡❧❧✲s❤❛♣❡❞ s♣❡❝✐♠❡♥s ❛s ❛
r❡❢❡r❡♥❝❡ ❡①♣❡r✐♠❡♥t✳ ❱❛❧✉❡s ♦❢ t❤❡ r❡❞✉❝❡❞ ❡❧❛st✐❝ ♠♦❞✉❧✉s ❊✄ ❡st✐♠❛t❡❞ ✐♥ ❜♦t❤
❡①♣❡r✐♠❡♥ts ✇❡r❡ ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t✳ ◆♦t❡ t❤❛t t❤❡s❡ ✈❛❧✉❡s ❞✐☛❡r ❢r♦♠ ♣r❡s❡♥t❡❞ ✐♥
❚❛❜❧❡ ✶ ❜❡❝❛✉s❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ P❱❙ ♠❛② ✈❛r② ❜❡t✇❡❡♥ ❞✐☛❡r❡♥t ❝❤❛r❣❡s
♦❢ t❤❡ ♠❛t❡r✐❛❧✳
❚❛❜❧❡ ✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❢r♦♠ ❇♦r♦❞✐❝❤ ❡t ❛❧✳ ❛♥❞ t❤❡
♣r❡s❡♥t ✇♦r❦






❤❊✄✐ ✐✱ ▼P❛ ✷✳✸✾ ✷✳✷✺ ✺✳✽✻
❤✇✐✐✱ ♠❏✴♠✷ ✺✼✳✻ ✺✺✳✷ ✹✳✶✻
✛❊✄ ✱ ▼P❛ ✵✳✷✵✹ ✵✳✷✵✶ ✶✳✹✼
✛✇✱ ♠❏✴♠






























work of adhesion w, mJ/m2
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm






























work of adhesion w, mJ/m2
pre-fitting with 8 segment line used
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm
washed samples, indenter radius 3mm
✭❛✮ ✭❜✮
❋✐❣✉r❡ ✶✹✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛❢t❡r ❇♦r♦❞✐❝❤ ❡t ❛❧✳ ❬✶✹❪ ❛♥❞
t❤❡ ♣r❡s❡♥t ✇♦r❦✳ ✭❛✮ ❚❤❡ ✈❛❧✉❡s ♦❢ ❊✄ ❛♥❞ ✇ ✐❞❡♥t✐☞❡❞ ✐♥ ❬✶✹❪✳ ✭❜✮ ❚❤❡ s❡t ♦❢
✐❞❡♥t✐☞❡❞ ✈❛❧✉❡s ♦❢ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❡①tr❛❝t❡❞ ✉s✐♥❣ ♣r❡✲☞tt✐♥❣ ✇✐t❤ ♣♦❧②❣♦♥❛❧
❝❤❛✐♥✳ ◆✉♠❜❡r ♦❢ s❡❣♠❡♥ts ✐♥ ❝❤❛✐♥✿ ✽ ✭♦♣t✐♠❛❧ ✈❛❧✉❡✮✳
❈♦♥❝❧✉s✐♦♥s
❚♦ ✐❞❡♥t✐❢② ❝♦rr❡❝t❧② ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❢r♦♠ ♠✐❝r♦✲ ♦r ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥✱ t❤❡ ❝♦r✲
r❡s♣♦♥❞✐♥❣ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s s❤♦✉❧❞ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ❛❞❤❡s✐♦♥ ❜❡t✇❡❡♥ t❤❡
✐♥❞❡♥t❡r ❛♥❞ t❤❡ s♣❡❝✐♠❡♥✳ ❍❡r❡ ✇❡ ❤❛✈❡ ❡①t❡♥❞❡❞ t❤❡ ❇● ♠❡t❤♦❞ t♦ ❛ ❣❡♥❡r❛❧
❝❧❛ss ♦❢ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ✇❤❡♥ t❤❡ ❡①t❡r♥❛❧ ❧♦❛❞ ❛♥❞ t❤❡
❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ✐♥❞❡♥t❡r ❛r❡ ❞❡☞♥❡❞ ❛s ♣❛r❛♠❡tr✐❝ ❢✉♥❝t✐♦♥s ♦❢ t❤❡ ❝♦♥t❛❝t r❛✲
❞✐✉s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ♦♥❡ ❝❛♥ ✉s❡ ❛♥② ✇❡❧❧✲❡st❛❜❧✐s❤❡❞ ♠♦❞❡❧ ✭❡✳❣✳ ❬✹✾❪✮ ♦❢ ❛❞❤❡s✐✈❡
❝♦♥t❛❝t ❢♦r ❛♥ ❡❧❛st✐❝ ❧❛②❡r ❛♥❞ ❛♣♣❧② t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ t♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛
♦❜t❛✐♥❡❞ ❜② ❉❙■ ♦❢ ❧❛②❡r❡❞✴❝♦❛t❡❞ ♠❡❞✐✉♠ ✐♥ ♦r❞❡r t♦ ❡①tr❛❝t ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s
s✉❝❤ ❛s t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥✱ ❝♦♥t❛❝t ❡❧❛st✐❝ ♠♦❞✉❧✉s✱ ❛♥❞ s♦ ♦♥✳
❚♦ ☞t ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇✐t❤ ❛ ♣❛r❛♠❡tr✐❝ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ✇❡ ❤❛✈❡
✐♥tr♦❞✉❝❡❞ ❛ ♥❡✇ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥❝❡♣t ♦❢ ♦r✲
t❤♦❣♦♥❛❧ ❞✐st❛♥❝❡ ❝✉r✈❡ ☞tt✐♥❣ ✭❖❉❋✮✳ ❍♦✇❡✈❡r✱ ☞tt✐♥❣ ❛ ♣❛r❛♠❡tr✐❝ P   ✍ ❝✉r✈❡ t♦
❛ s❡t ♦❢ ♣♦✐♥ts ♥♦r♠❛❧❧② r❡q✉✐r❡s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ✉♥❦♥♦✇♥ ✈❛❧✉❡s ♦❢ t❤❡ ♣❛r❛♠❡t❡r
❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✐♥❞✐✈✐❞✉❛❧ ❞❛t❛ ♣♦✐♥ts ✇❤✐❝❤ ✐♥❝r❡❛s❡s t❤❡ ♥✉♠❜❡r ♦❢ ✉♥❦♥♦✇♥s
❞r❛st✐❝❛❧❧② ❛♥❞ s❧♦✇s ❞♦✇♥ ❝♦♠♣✉t❛t✐♦♥s✳ ❚♦ ❛❞❞r❡ss t❤✐s ✐ss✉❡ ♦❢ t❤❡ ❛❜♦✈❡ ❞✐r❡❝t
☞tt✐♥❣ ❛♣♣r♦❛❝❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛❞❞✐t✐♦♥❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ❤❛s ❜❡❡♥ s✉❣✲
❣❡st❡❞✳ ■t ❤❛s ❜❡❡♥ ♣r♦♣♦s❡❞ t♦ ❝❛rr② ♦✉t ☞tt✐♥❣ ♦❢ t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t
❝✉r✈❡ t♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♣♦✐♥ts ❜② ♠❡❛♥s ♦❢ ❛ t✇♦✲st❛❣❡ ♣r♦❝❡ss✳ ❖♥ t❤❡ ♣r❡❧✐♠✐✲
♥❛r② ☞rst st❛❣❡ ✭t❤❡ ♣r❡✲☞tt✐♥❣ st❛❣❡✮ ❞❛t❛ ♣♦✐♥ts ❛r❡ ☞tt❡❞ ✇✐t❤ ❛♥ ❛✉①✐❧✐❛r② ❝✉r✈❡✳
❚❤❡ ❛✉①✐❧✐❛r② ❝✉r✈❡ ✐s s✉♣♣♦s❡❞ t♦ ❤❛✈❡ s✐♠♣❧❡st ♣♦ss✐❜❧❡ ♠❛t❤❡♠❛t✐❝❛❧ ❢♦r♠ ✇❤✐❝❤
❛❧❧♦✇s t♦ ✐♠♣❧❡♠❡♥t ❛❞✈❛♥❝❡❞ ❞❛t❛ ☞tt✐♥❣✴☞❧t❡r✐♥❣ t❡❝❤♥✐q✉❡s ❧✐❦❡ ❖❉❋ q✉✐❝❦❧②
❛♥❞ ❡☛❡❝t✐✈❡❧②✳ ❚❤❡ ♣r❡✲☞tt✐♥❣ ❝✉r✈❡ ❤❛s ❜❡❡♥ t❛❦❡♥ ❛s s✐♠♣❧❡ ❛s ❛ ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥
✇❤✐❝❤ ✐s ☞tt❡❞ t♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✉s✐♥❣ t❤❡ ❖❉❋ t❡❝❤♥✐q✉❡✳ ❖♥ t❤❡ s❡❝♦♥❞ st❛❣❡
t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ✐s ☞tt❡❞ t♦ t❤❡ ❛✉①✐❧✐❛r② ♦♥❡ ❜② ♠❡❛♥s ♦❢
♠✐♥✐♠✐③❛t✐♦♥ ♦❢ t❤❡ sq✉❛r❡ ♦❢ t❤❡ ♥♦r♠ ♦❢ ❞✐☛❡r❡♥❝❡ ♦❢ t❤❡ t✇♦ ❢✉♥❝t✐♦♥s✳ ❚❤❡ ♦❜✲
❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ❤❛s ❜❡❡♥ ❢♦r♠✉❧❛t❡❞ ✐♥ ❛ ✇❛② t❤❛t ❞♦❡s ♥♦t r❡q✉✐r❡ ❝♦♠♣✉t❛t✐♦♥
♦❢ ✉♥❦♥♦✇♥ ✈❛❧✉❡s ♦❢ t❤❡ ♣❛r❛♠❡t❡r✳ ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s s❤♦✇❡❞ t❤❛t t❤❡ ♣r❡✲
☞tt✐♥❣ st❛❣❡ ❞♦❡s ♥♦t ❤❛✈❡ s✐❣♥✐☞❝❛♥t ✐♥✌✉❡♥❝❡ ♦♥ t❤❡ ❛❝❝✉r❛❝② ♦❢ ✐❞❡♥t✐☞❝❛t✐♦♥ ♦❢
t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ r❡❞✉❝❡❞ ❝♦♥t❛❝t ♠♦❞✉❧✉s ❛♥❞ t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥✳
❚❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ ✇✐t❤ ♣r❡✲☞tt✐♥❣ ✇❛s t❡st❡❞ ✉s✐♥❣ r❡❛❧ ❡①♣❡r✐♠❡♥t❛❧
❞❛t❛ ❢r♦♠ ❉❙■ ❡①♣❡r✐♠❡♥ts ❬✶✹❪ ✐♥ ✇❤✐❝❤ t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞ ✇❛s ✉s❡❞✳ ❚❤❡
✈❛❧✉❡s ♦❢ t❤❡ r❡❞✉❝❡❞ ❝♦♥t❛❝t ♠♦❞✉❧✉s ❊✄ ❛♥❞ t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ✇ ♦❢ ♣♦❧②✈✐♥②❧
s✐❧♦①❛♥❡ s❛♠♣❧❡s ✇❡r❡ ✐❞❡♥t✐☞❡❞ ✉s✐♥❣ t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢
t❤❡ ❝❧❛ss✐❝ ❏❑❘ t❤❡♦r② ❛♥❞ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞ ♦♥❡s✳ ❈♦♠♣❛r✐s♦♥
s❤♦✇❡❞ t❤❛t t❤❡ ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ♦❜t❛✐♥❡❞ ❜② ♠❡❛♥s ♦❢ t❤❡
❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ ❛t t❤❡ ♦♣t✐♠❛❧ ♣r❡✲☞tt✐♥❣ s❡tt✐♥❣s ❞✐☛❡r ✐♥s✐❣♥✐☞❝❛♥t❧② ❢r♦♠ t❤❡
✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❜② ♠❡❛♥s ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❡①t❡♥❞❡❞
❇● ♠❡t❤♦❞ ✐s ❛t ❧❡❛st ❛s ❣♦♦❞ ❛s t❤❡ ♦r✐❣✐♥❛❧ ❇● ♠❡t❤♦❞✱ ✇❤✐❧❡ t❤❡ ✐♥❞✐✈✐❞✉❛❧
✈❛❧✉❡s ♦❢ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ♣r♦❞✉❝❡❞ ❜② t❤❡ ❡❇● ♠❡t❤♦❞ ✇❡r❡ ❧❡ss s❝❛tt❡r❡❞ ❛♥❞
t❤❡r❡❢♦r❡✱ ❤❛✈✐♥❣ ❧♦✇❡r st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✈❛❧✉❡s ✐♥ t❤❡ r❡s✉❧t✐♥❣ ❞❛t❛ s❡t✳
❚❤❡ ♣❛r❛♠❡tr✐❝ ♠♦❞❡❧s ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ✐♥❝❧✉❞❡ s✉❝❤ ✐♠♣♦rt❛♥t ❝❛s❡s ❛s ✐♥✲
❞❡♥t❛t✐♦♥ ♦❢ t❤✐♥ ❛♥❞ ✉❧tr❛✲t❤✐♥ ❧❛②❡rs ❛♥❞ ❝♦❛t✐♥❣s✱ ❝❡❧❧ ♠❡♠❜r❛♥❡s✱ ❡t❝✳ ❚❤❡
❛♣♣❧✐❝❛t✐♦♥s ♦❢ t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ t♦ ♠❛♥② ♦❢ t❤❡s❡ ♠♦❞❡❧s ❤❛✈❡ ❜❡❡♥ ❞✐s✲
❝✉ss❡❞✳ ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ❛♥ ❛s②♠♣t♦t✐❝ ♠❛t❤❡♠❛t✐❝❛❧
♠♦❞❡❧ ❢♦r ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ❜❡t✇❡❡♥ ❛ r✐❣✐❞ ❛①✐s②♠♠❡tr✐❝ ✐♥❞❡♥t❡r ❛♥❞ ❛ t❤✐❝❦ ❡❧❛st✐❝
❧❛②❡r ❜♦♥❞❡❞ t♦ ❛♥ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡ ❞❡✈❡❧♦♣❡❞ ❜② ❆r❣❛t♦✈ ❡t ❛❧✳ ❬✷✼❪✳ ◆✉♠❡r✐❝❛❧
s✐♠✉❧❛t✐♦♥s ❝♦♥☞r♠❡❞ t❤❡ ❛❝❝✉r❛❝② ❛♥❞ r♦❜✉st♥❡ss ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❡①t❡♥s✐♦♥s ♦❢ t❤❡
❇● ♠❡t❤♦❞ ❛❣❛✐♥st ❞❛t❛ ❝♦♥t❛♠✐♥❛t❡❞ ❜② ♥♦r♠❛❧❧②✲❞✐str✐❜✉t❡❞ ♥♦✐s❡✳
❚❤✉s✱ t❤❡ ❇● ❛♥❞ ❡❇● ♠❡t❤♦❞s ♠❛② ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛ ❢r❛♠❡✇♦r❦ ❢♦r ❡①tr❛❝t✐♥❣
♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ♣❤②s✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❝♦♥t❛❝t✐♥❣ s♦❧✐❞s ❜❛s❡❞ ♦♥ ❛ ❝♦♠❜✐♥❛t✐♦♥
♦❢ ✐♥❞❡♥t❛t✐♦♥ t❡❝❤♥✐q✉❡s ❛♥❞ ♥✉♠❡r✐❝❛❧ ❛♣♣r♦❛❝❤❡s t♦ ♣r♦❝❡ss✐♥❣ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳
❋r♦♠ t❤✐s ♣♦✐♥t ♦❢ ✈✐❡✇✱ t❤❡ ❇● ♠❡t❤♦❞ ✐s ♠✉❝❤ ♠♦r❡ t❤❛♥ ❥✉st ❛ ☞tt✐♥❣ ♣r♦❝❡❞✉r❡✳
❋✉♥❞✐♥❣
❚❤✐s ✇♦r❦ ✇❛s s✉♣♣♦rt❡❞ ❜② t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥✬s ❍♦r✐③♦♥ ✷✵✷✵ r❡s❡❛r❝❤ ❛♥❞ ✐♥♥♦✲
✈❛t✐♦♥ ♣r♦❣r❛♠♠❡ ✉♥❞❡r t❤❡ ▼❛r✐❡ ❙❦✥❧♦❞♦✇s❦❛✲❈✉r✐❡ ❣r❛♥t ❛❣r❡❡♠❡♥t ◆♦ ✻✻✸✽✸✵
❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts
❚❤❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ♦❢ t❤❡ ❛✉t❤♦rs ✭■❆ ❛♥❞ ❋❇✮ ♦♥ t❤❡ t♦♣✐❝ ♦❢ t❤❡
♣❛♣❡r ✇❛s ✐♥✐t✐❛t❡❞ ✇✐t❤✐♥ t❤❡ ❈❆❘❇❚❘■❇ ■♥t❡r♥❛t✐♦♥❛❧ ♥❡t✇♦r❦✳ ❚❤❡ ❛✉t❤♦rs ❛r❡
❣r❛t❡❢✉❧ t♦ t❤❡ ▲❡✈❡r❤✉❧♠❡ ❚r✉st ❢♦r s✉♣♣♦rt ♦❢ t❤❡ ◆❡t✇♦r❦✳
❚❤❡ ❛✉t❤♦rs ❡①♣r❡ss t❤❡✐r ❣r❛t✐t✉❞❡ t♦ ❉r✳ ❆♥❞r❡② P❡♣❡❧②s❤❡✈ ✭❈❛r❞✐☛ ❯♥✐✈❡r✲
s✐t②✮ ❢♦r ❤✐s ✈❛❧✉❛❜❧❡ ❝♦♠♠❡♥ts t♦ t❤❡ ♣r❡s❡♥t ✇♦r❦✳
❆♣♣❡♥❞✐① ❆✳ ❚❤❡ s❝♦♣❡ ♦❢ t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞ ✐♥ ❛♣♣❧✐❝❛t✐♦♥ t♦
♣❛r❛♠❡tr✐❝ P   ✍ ❝✉r✈❡s✳ ❈♦❛t❡❞ ♠❡❞✐✉♠
■♥ t❤✐s ❆♣♣❡♥❞✐① ✇❡ ❜r✐❡✌② ❧✐st ❛ ♥✉♠❜❡r ♦❢ ♠♦❞❡❧s✱ ✇❤✐❝❤ ❤❛✈❡ ✐♠♣♦rt❛♥t ♣r❛❝t✐❝❛❧
❛♣♣❧✐❝❛t✐♦♥s✱ ❛❧❧ ❤❛✈❡ s✐♠✐❧❛r str✉❝t✉r❡✱ ❛♥❞ t❤✉s ❝❛♥ ❜❡ ✉s❡❞ ✐♥ t❤❡ s❛♠❡ ♠❛♥♥❡r
✇✐t❤ t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞✳ ❍❡r❡ ✇❡ ❢♦❝✉s ♦♥ t❤❡ ♠♦❞❡❧s t❤❛t ❛ ♠❛t❤❡♠❛t✐❝❛❧❧②
❢♦r♠✉❧❛t❡❞ ✐♥ t❤❡ ❢♦r♠ ♦❢ ♣❛r❛♠❡tr✐❝ ❢✉♥❝t✐♦♥s✳
❚❤❡ ❝❧❛ss✐❝ ❏❑❘ t❤❡♦r② ❝♦♥s✐❞❡rs ❝♦♥t❛❝t ❜❡t✇❡❡♥ ❛ s♣❤❡r❡ ❛♥❞ ❛♥ ❡❧❛st✐❝ ❤❛❧❢✲
s♣❛❝❡✳ ■♥ t❤❡ ❝❛s❡ ♦❢ s♣❤❡r❡ t❤❡ ❏❑❘ t❤❡♦r② ❧❡❛❞s t♦ ❛♥ ❡①♣❧✐❝✐t r❡❧❛t✐♦♥ P ✭✍✮✳
❍♦✇❡✈❡r✱ ✐❢ ♦♥❡ ❝♦♥s✐❞❡rs ♠♦r❡ ❣❡♥❡r❛❧ s❤❛♣❡s ♦❢ t❤❡ ✐♥❞❡♥t❡rs ❬✽❪ t❤❡ P   ✍ ❝✉r✈❡
♠❛② ❜❡ ♣r❡s❡♥t❡❞ ♦♥❧② ✐♥ t❤❡ ♣❛r❛♠❡tr✐❝ ❢♦r♠ ✭P ✭❛✮❀ ✍✭❛✮✮ ✇❤❡r❡ ❛ ✐s t❤❡ ❝♦♥t❛❝t
r❛❞✐✉s✳ ❚❤✐s t②♣❡ ♦❢ r❡♣r❡s❡♥t❛t✐♦♥ ✐s ✈❡r② ✐♠♣♦rt❛♥t✳ ■♥ ♣❛rt✐❝✉❧❛r ✭❜✉t ♥♦t ❧✐♠✐t❡❞
t♦✮✱ s✉❝❤ ♣❛r❛♠❡tr✐❝ ❞❡♣❡♥❞❡♥❝✐❡s ♠❛② ❛r✐s❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❛s t❤❡ r❡s✉❧t ♦❢ ❡①t❡♥s✐♦♥
♦❢ ❛ P   ✍ ❞❡♣❡♥❞❡♥❝② ❢r♦♠ ♥♦♥✲❛❞❤❡s✐✈❡ ❝❛s❡ t♦ ❛❞❤❡s✐✈❡ ♦♥❡ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢
t❤❡ ❏❑❘ t❤❡♦r② ♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t✳ ❆s ❛♥ ✐♠♣♦rt❛♥t ❝❛s❡ ✐♥ ✇❤✐❝❤ t❤❡ ♣r♦♣♦s❡❞
❡①t❡♥s✐♦♥s ♦❢ t❤❡ ❇● ♠❡t❤♦❞ ❝❛♥ ❜❡ ✉s❡❞ ♦♥❡ ♠❛② ❝♦♥s✐❞❡r ✐♥❞❡♥t❛t✐♦♥ ♦❢ ❛ ❝♦❛t❡❞
♦r ❧❛②❡r❡❞ ♠❡❞✐✉♠✳
■t ✐s ✐♠♣♦rt❛♥t t♦ ❡♠♣❤❛s✐③❡ t❤❛t ❞✐☛❡r❡♥t s❡ts ♦❢ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs ❛r❡
✉s❡❞ ❜② ❞✐☛❡r❡♥t ❛✉t❤♦rs t♦ r❡♣r❡s❡♥t t❤❡ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t r❡❧❛t✐♦♥s ✐♥ ❞✐♠❡♥s✐♦♥✲
❧❡ss ❢♦r♠ ✭s❡❡ ❡✳❣✳ ❞✐s❝✉ss✐♦♥ ✐♥ ❬✽✱ ✻✸❪✮✳ ❚❤❡s❡ ♣❛r❛♠❡t❡rs ❛❝❀ P❝❀ ✍❝ ❛r❡ ✉s❡❞ t♦
❝♦♥str✉❝t t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝♦♥t❛❝t r❛❞✐✉s ✖❛ ❂ ❛❂❛❝✱ ✐♥❞❡♥t❛t✐♦♥ ❢♦r❝❡ ✖P ❂ P❂P❝✱
❛♥❞ ✐♥❞❡♥t❡r ❞✐s♣❧❛❝❡♠❡♥t ✖✍ ❂ ✍❂✍❝✳
❆♣❛rt ❢r♦♠ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ ❢♦r♠✉❧❛❡ ✭✺✮✱ ♦♥❡ ❝❛♥ ☞♥❞ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠✲
♣❧❡s ♦❢ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs✳ ■♥ t❤❡ ✇♦r❦s ❜② ❏♦❤♥s♦♥ ❬✻✹❪✱ ❛♥❞ ▼❛✉❣✐s ❬✸✾❪ t❤❡

























❚❤❡ ❛❜♦✈❡ ❡①❛♠♣❧❡s s✉❣❣❡st t❤❛t r❡❛❞❡r s❤♦✉❧❞ ❜❡ ❝❛r❡❢✉❧ ✇❤✐❧❡ ❝♦♥s✐❞❡r✐♥❣ ✈❛r✐♦✉s
❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❞❡♣❡♥❞❡♥❝✐❡s✱ ❛s t❤❡ ✉s❡❞ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs ♠❛② ❞✐☛❡r
❢r♦♠ ♦♥❡ ❞❡♣❡♥❞❡♥❝② t♦ ❛♥♦t❤❡r✳
■♥❞❡♥t❛t✐♦♥ ♦❢ ❛ t❤✐♥ ❡❧❛st✐❝ ❧❛②❡r ❜♦♥❞❡❞ t♦ ❛ r✐❣✐❞ ❜❛s❡✳ ■t ✐s ❦♥♦✇♥
❬✻✺④✻✽❪ t❤❛t ❛ t❤✐♥ ❡❧❛st✐❝ ❧❛②❡r ✐♥ ❛ ❝♦♥t❛❝t ♣r♦❜❧❡♠ ❝❛♥ ❜❡ ❡☛❡❝t✐✈❡❧② r❡❞✉❝❡❞ ✐♥
❧❡❛❞✐♥❣✲t❡r♠ ❛♣♣r♦①✐♠❛t✐♦♥ t♦ t❤❡ s♣r✐♥❣✲❜❡❞ ❢♦✉♥❞❛t✐♦♥ ✭t❤❡ ❲✐♥❦❧❡r ❢♦✉♥❞❛t✐♦♥✮
❞❡☞♥❡❞ t❤r♦✉❣❤ ✐ts ❡❧❛st✐❝ ❝♦♥st❛♥t ❑ ✇❤✐❝❤ ✐♥ ✐s♦tr♦♣✐❝ ❧✐♠✐t ❝❛♥ ❜❡ ❡①♣r❡ss❡❞
❛s ❑ ❂ ❊ ✭✶  ✗✮❂❬❤ ✭✶ ✰ ✗✮ ✭✶  ✷✗✮❪ ✇❤❡r❡ ❊ ✐s t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✉s ❛♥❞ ✗ ✐s t❤❡
P♦✐ss♦♥✬s r❛t✐♦ ♦❢ t❤❡ ❧❛②❡r ♠❛t❡r✐❛❧✱ ❛♥❞ ❤ ✐s t❤❡ ❧❛②❡r t❤✐❝❦♥❡ss✳ ❍❡♥❝❡✱ t❤❡ ❏❑❘
❛❞❤❡s✐✈❡ s♦❧✉t✐♦♥ ❢♦r ❛ ❝♦♥t❛❝t ♣r♦❜❧❡♠ ❢♦r ❛♥ ❛r❜✐tr❛r② ❝♦♥✈❡① r✐❣✐❞ ❛①✐s②♠♠❡tr✐❝



















❚❤❡ ❢✉♥❝t✐♦♥ ❢✭r✮ ✐s ❛♥ ❛r❜✐tr❛r② ❢✉♥❝t✐♦♥ ❞❡☞♥✐♥❣ ✐♥❞❡♥t❡r s❤❛♣❡ ✐♥ ❝②❧✐♥❞r✐❝❛❧
❝♦♦r❞✐♥❛t❡s✳ ❈❧❡❛r❧②✱ t❤❡ ♣❛r❛♠❡t❡r ❛ ✭t❤❡ ❝♦♥t❛❝t r❛❞✐✉s✮ ❝❛♥ ❜❡ ❡❧✐♠✐♥❛t❡❞ ❢r♦♠
✭✷✾✮✲✭✸✵✮ ♦♥❧② ✐♥ s♦♠❡ ♣❛rt✐❝✉❧❛r ❝❛s❡s✳
■♥❞❡♥t❛t✐♦♥ ♦❢ ❛♥ ❡❧❛st✐❝ ❧❛②❡r ❜♦♥❞❡❞ t♦ ❛♥ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡✳ ❙❡♠✐✲
❛♥❛❧②t✐❝❛❧ ❛♣♣r♦❛❝❤✳ ❆❞❤❡s✐✈❡ s♦❧✉t✐♦♥s ♦❢ ❝♦♥t❛❝t ♣r♦❜❧❡♠s ❜❡❝♦♠❡ ❡✈❡♥ ♠♦r❡
❝♦♠♣❧❡① ✐❢ ❛ ❝♦❛t❡❞ ❡❧❛st✐❝ ♠❡❞✐✉♠ ✐s ❝♦♥s✐❞❡r❡❞✳ ❚♦ ❛❞❞r❡ss t❤✐s ✐ss✉❡✱ ❛ s❡♠✐✲
❛♥❛❧②t✐❝❛❧ ❛♣♣r♦❛❝❤ t♦ s♦❧✈✐♥❣ t❤❡ ❝♦♥t❛❝t ♣r♦❜❧❡♠ ❢♦r ❛ ❝♦❛t❡❞ ❡❧❛st✐❝ ♠❡❞✐✉♠ ❛♥❞
❛♥ ❛①✐s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❡r ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥ ❬✹✽④✺✵❪✳ ❋♦r ✐♥st❛♥❝❡✱ ❏♦❤♥s♦♥ ❛♥❞
❙r✐❞❤❛r ❬✹✾❪ r❡♣r❡s❡♥t ❏❑❘ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s ✐♥ ❞✐♠❡♥s✐♦♥❧❡ss ❢♦r♠ ❛s
✖✍ ❂ ✸✷❂✸✖❛✷
✥








✖P ❂ ✖❛✸❋ ✭①❀ ❦✮ 
♣
✷✖❛✸❍ ✭①❀ ❦✮ ✭✸✷✮
✇❤❡r❡ ✖✍ ❛♥❞ ✖P t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ✈❛r✐❛❜❧❡s ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠✲
❡t❡rs ✭✷✽✮✳ ❚❤❡② r❡♣r❡s❡♥t t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ ❛♥❞ ❢♦r❝❡ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❞✐♠❡♥✲
s✐♦♥❧❡ss r❛❞✐✉s ♦❢ t❤❡ ❝♦♥t❛❝t r❡❣✐♦♥ ✖❛ s❡r✈❡s ❛s t❤❡ ♣❛r❛♠❡t❡r ❛❧♦♥❣ t❤❡ P  ✍ ❝✉r✈❡✳
❇ ✭①❀ ❦✮ ❀ ❉ ✭①❀ ❦✮ ❀ ❋ ✭①❀ ❦✮ ❀ ❍ ✭①❀ ❦✮ ❛r❡ ♥✉♠❡r✐❝❛❧❧② ❝♦♠♣✉t❡❞ ❝♦rr❡❝t✐♦♥ ❢✉♥❝t✐♦♥s
t❤❛t ❞❡♣❡♥❞ ♦♥ t❤❡ r❛t✐♦ ♦❢ ❝♦♥t❛❝t r❛❞✐✉s t♦ ❝♦❛t✐♥❣ t❤✐❝❦♥❡ss ① ❛♥❞ t❤❡ r❛t✐♦ ♦❢
❨♦✉♥❣✬s ♠♦❞✉❧✐ ♦❢ s✉❜str❛t❡ ❛♥❞ ❝♦❛t✐♥❣ ❦✳ ❈❧❡❛r❧②✱ t❤✐s ❦✐♥❞ ♦❢ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t
❝✉r✈❡ ❝❛♥♥♦t ❜❡ ❡①❛❝t❧② r❡❞✉❝❡❞ t♦ ❡①♣❧✐❝✐t✴✐♠♣❧✐❝✐t ❢✉♥❝t✐♦♥✳
■♥❞❡♥t❛t✐♦♥ ♦❢ ❛♥ ❡❧❛st✐❝ ❧❛②❡r ❜♦♥❞❡❞ t♦ ❛♥ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡✳ ❆s②♠♣✲
t♦t✐❝ ❛♣♣r♦❛❝❤✳ ❆♥♦t❤❡r ❡①❛♠♣❧❡ ♦❢ ♣❛r❛♠❡tr✐❝❛❧❧② ❢♦r♠✉❧❛t❡❞ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t
❝✉r✈❡ ✐s ❛♥ ❛♥❛❧②t✐❝❛❧ ❛s②♠♣t♦t✐❝ ♠♦❞❡❧ ❢♦r ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ❜❡t✇❡❡♥ ❛ s♣❤❡r✐❝❛❧ ✐♥✲
❞❡♥t❡r ❛♥❞ ❛ t❤✐❝❦ ❡❧❛st✐❝ ❧❛②❡r ❜♦♥❞❡❞ t♦ ❛♥ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡✳ ❚❤✐s ❛s②♠♣t♦t✐❝
♠♦❞❡❧ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ❆r❣❛t♦✈ ❛♥❞ ❙❛❜✐♥❛ ❬✹✹❪ ❢♦r ♥♦♥✲❛❞❤❡s✐✈❡ ❝❛s❡ ❛♥❞ ❡①✲
t❡♥❞❡❞ ❢♦r ❏❑❘✲t②♣❡ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ❜② ❆r❣❛t♦✈ ❡t ❛❧✳ ❬✷✼❪ ✭s❡❡ ❛❧s♦ ❬✻✾❪✮✳ ▲❡t ✉s
❝♦♥s✐❞❡r t❤✐s ♠♦❞❡❧ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ❛s ✐t ✐s ✉s❡❞ ✐♥ t❤❡ ♣r❡s❡♥t ♣❛♣❡r ❛s t❤❡ ❜❛s❡ ❢♦r
♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧❧✐♥❣✳
▲❡t ❛ r✐❣✐❞ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r ♦❢ r❛❞✐✉s ❘ ❜❡ ✐♥ ❝♦♥t❛❝t ✇✐t❤ ❛♥ ❡❧❛st✐❝ ♠❡❞✐✉♠
❝♦✈❡r❡❞ ✇✐t❤ ❛♥ ❡❧❛st✐❝ ❧❛②❡r ♦❢ t❤✐❝❦♥❡ss ❤ ✭❋✐❣✉r❡ ✶✺✮✳ ❊❧❛st✐❝ ♠♦❞✉❧✉s ❛♥❞ P♦✐s✲
s♦♥✬s r❛t✐♦ ❢♦r ❡❧❛st✐❝ ♠❡❞✐✉♠ ❛r❡ ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ❦♥♦✇♥ ✭❊✷❀ ✗✷✮ ❛s ✇❡❧❧ ❛s t❤❡
P♦✐ss♦♥✬s r❛t✐♦ ♦❢ t❤❡ ❧❛②❡r ✗✶✳ ■♥❞❡♥t❡r ✐s s✉❜❥❡❝t t♦ ❢♦r❝❡ P ✱ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ ✍
✐s ❝♦♥s✐❞❡r❡❞ t♦ ♠❡ s♠❛❧❧ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❧❛②❡r t❤✐❝❦♥❡ss ❤✳ ❘❛❞✐✉s ♦❢ ❝♦♥t❛❝t







❋✐❣✉r❡ ✶✺✿ ■♥❞❡♥t❛t✐♦♥ ♦❢ ❛♥ ❡❧❛st✐❝ ❧❛②❡r ❜♦♥❞❡❞ t♦ ❛♥ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡✳
❆❝❝♦r❞✐♥❣ t♦ ❆r❣❛t♦✈ ❡t ❛❧✳ ❬✷✼❪✱ t❤❡ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡ ❢♦r s♣❤❡r✐❝❛❧ ✐♥✲
























✖P ✬  ✶  ✸❛✶☛✾❂✷✖❛✸✁ ✏✖❛✸  ♣✷✖❛✸❂✷✑ ✿
❖♥❡ ❝❛♥ s❡❡ t❤❛t t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ✈❛r✐❛❜❧❡s ✖P ❛♥❞ ✖✍ ✐s
❢♦r♠✉❧❛t❡❞ ❛❣❛✐♥ ✐♥ t❤❡ ♣❛r❛♠❡tr✐❝ ❢♦r♠✱ ✇❤❡r❡ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝♦♥t❛❝t r❛❞✐✉s ✖❛














▲ ✭✉✮ ❂ ✷❑▲❡
 ✹✉   ✭▲✰❑ ✰ ✹✉❑ ✰ ✹✉✷❑✮ ❡ ✷✉
✶  ✭▲✰❑ ✰ ✹✉✷❑✮ ❡ ✷✉ ✰❑▲❡ ✹✉ ❀
❑ ❂
✶  ♥
✶ ✰ ♥ ✭✸  ✹✗✶✮ ❀ ▲ ❂
✭✸  ✹✗✷✮  ♥ ✭✸  ✹✗✶✮
✭✸  ✹✗✷✮ ✰ ♥ ❀ ♥ ❂
❊✷ ✭✶ ✰ ✗✶✮
❊✶ ✭✶ ✰ ✗✷✮
✿
❙♠❛❧❧ ♣❛r❛♠❡t❡r ✧ ❝❛♥ ❜❡ ✐♥tr♦❞✉❝❡❞ ❛s ✧ ❂ ❛❂❤ ♦r ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞ ✉s✐♥❣ t❤❡ ♦t❤❡r







❯♥❦♥♦✇♥ ❡❧❛st✐❝ ♠♦❞✉❧✉s ❊✶ ❝❛♥ ❜❡ ❡❧✐♠✐♥❛t❡❞ ✉s✐♥❣ ❡①♣r❡ss✐♦♥ ❊
✄
✶ ❂ ❊✶❂✭✶  ✗✷✶✮✱
t❤❡r❡❢♦r❡✱ t❤❡ ❡①♣r❡ss✐♦♥s ❛❜♦✈❡ ❝♦♥t❛✐♥ t✇♦ ✉♥❦♥♦✇♥ q✉❛♥t✐t✐❡s✿ ❡☛❡❝t✐✈❡ ❡❧❛st✐❝
♠♦❞✉❧✉s ❊✄✶ ❛♥❞ t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ✇✳
❆s ✐t ✇❛s st❛t❡❞ ❡❛r❧✐❡r✱ t❤❡ ❇●♠❡t❤♦❞ ✉s❡s s❝❛❧✐♥❣ r❡❧❛t✐♦♥s t♦ ❝♦♥♥❡❝t ✉♥❦♥♦✇♥
♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❛♥❞ ❝❤❛r❛❝t❡r✐st✐❝ s❝❛❧✐♥❣ ♣❛r❛♠❡t❡rs P❝ ❛♥❞ ✍❝ ✳ ▼❛t❤❡♠❛t✐❝❛❧















✐✳❡✳ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛r❛♠❡t❡rs P❝ ❛♥❞ ✍❝ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s✿






P❧❡❛s❡ ♥♦t❡ t❤❛t P❝ ❛♥❞ ✍❝ ❞✐☛❡r ❢r♦♠ t❤❡ ❡①❛♠♣❧❡s ♣r❡s❡♥t❡❞ ❛❜♦✈❡ ✐♥ ❢♦r♠✉❧❛❡ ✭✺✮✱
✭✷✼✮✱ ❛♥❞ ✭✷✽✮✳
❚❤❡r❡❢♦r❡✱ ♦♥❝❡ P❝ ❛♥❞ ✍❝ ❛r❡ ♦❜t❛✐♥❡❞ ✈✐❛ ❇● ♠❡t❤♦❞✱ ❊
✄











❚❤✐s ♠❡❛♥s t❤❛t ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠s ✭✶✶✮ ❛♥❞ ✭✶✼✮ ❝❛♥ ❜❡ ❢✉❧❧② ❢♦r♠✉❧❛t❡❞ ✐♥
t❡r♠s ♦❢ P❝ ❛♥❞ ✍❝✳
■♥❞❡♥t❛t✐♦♥ ♦❢ ❛ ❢✉♥❝t✐♦♥❛❧❧②✲❣r❛❞❡❞ ❤❛❧❢✲s♣❛❝❡✳ ❈❧❡❛r❧②✱ ♣❛r❛♠❡tr✐❝ r❡♣✲
r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ s♦❧✉t✐♦♥ ♦❢ t❤❡ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ♣r♦❜❧❡♠ ✐s ♥♦t ❧✐♠✐t❡❞ t♦ t❤❡
s❝♦♣❡ ♦❢ t❤❡ ❏❑❘ t❤❡♦r②✳ ❊✳❣✳✱ ❏✐♥ ❡t ❛❧✳ ❬✹✼❪ ✉s❡❞ t❤❡ ❞♦✉❜❧❡✲❍❡rt③ ❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧
♦❢ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ❜② ●r❡❡♥✇♦♦❞ ❛♥❞ ❏♦❤♥s♦♥ ❬✼✵❪ t♦ st✉❞② t❤❡ ❝♦♥t❛❝t ♣r♦❜❧❡♠
❢♦r ❛ r✐❣✐❞ s♣❤❡r✐❝❛❧ ♣✉♥❝❤ ❛♥❞ ❛ ❢✉♥❝t✐♦♥❛❧❧② ❣r❛❞❡❞ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡ ✇✐t❤ t❤❡
❡❧❛st✐❝ ♠♦❞✉❧✉s ❊ ✈❛r✐❡❞ t❤r♦✉❣❤ t❤❡ ❞❡♣t❤ ③ ❛s ❊ ❂ ❊✵✭③❂❝✵✮
❦✳ ❆❝❝♦r❞✐♥❣ t♦ ❬✹✼❪✱








❛✸✰❦   ✕✭❝✸✰❦   ❛✸✰❦✮✄ ❀ ✭✸✾✮
✍ ❂
❛✷   ✕✭❝✷   ❛✷✮
❘✭✶ ✰ ❦✮
❀ ✭✹✵✮




✭✶ ✰ ❦✮❝✸✰❦   ✭✸ ✰ ❦✮❛✷❝✶✰❦ ✰ ✷❛✸✰❦
✭✶ ✰ ❦✮✭✸ ✰ ❦✮
✿ ✭✹✶✮
❚❤❡ ❧❛tt❡r ❡q✉❛t✐♦♥ ❡st❛❜❧✐s❤❡s t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✇♦r❦ ♦❢ ❛❞❤❡s✐♦♥ ✇✱ t❤❡
♦✉t❡r r❛❞✐✉s ♦❢ t❤❡ ❝♦❤❡s✐✈❡ ③♦♥❡ ❝✱ ❛♥❞ t❤❡ r❡st ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ s②st❡♠✳
■♥❞❡♥t❛t✐♦♥ ♦❢ ❛ ❝♦❛t❡❞ ❡❧❛st✐❝ ❤❛❧❢✲s♣❛❝❡✳ ❚❤❡ ▼❛✉❣✐s✲❉✉❣❞❛❧❡ ❛♣✲
♣r♦❛❝❤✳ ■♥ t❤❡✐r ✇♦r❦✱ ❙❡r❣✐❝✐ ❡t ❛❧✳ ❬✹✺❪ ❝♦♥s✐❞❡r❡❞ ❛♥ ❛❞❤❡s✐✈❡ ❝♦♥t❛❝t ♣r♦❜❧❡♠
❢♦r ❛ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r ❛♥❞ ❛ ❝♦❛t❡❞ ❤❛❧❢✲s♣❛❝❡ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤❡ ▼❛✉❣✐s✲
❉✉❣❞❛❧❡ t❤❡♦r②✳ ■♥ ❞✐♠❡♥s✐♦♥❧❡ss ❢♦r♠ t❤❡ ❡①♣r❡ss✐♦♥s ❢♦r t❤❡ t♦t❛❧ ❛♣♣❧✐❡❞ ❢♦r❝❡



































✇❤❡r❡ ❞✐♠❡♥s✐♦♥❧❡ss q✉❛♥t✐t✐❡s ✖❛✱ P ✱ ❛♥❞ ✍ ✇❡r❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝
♣❛r❛♠❡t❡rs ✭✷✼✮✱ ❛♥❞ ♠ ✐s r❛t✐♦ ♦❢ ♦✉t❡r r❛❞✐✉s ♦❢ t❤❡ ❝♦❤❡s✐✈❡ ③♦♥❡ ❝ t♦ t❤❡ ❝♦♥t❛❝t
r❛❞✐✉s ❛✳ ● ✐s t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♥♦r♠❛❧ str❡ss❡s ✐♥ t❤❡ ❝♦♥t❛❝t
❛r❡❛✱ ❛♥❞ ❦✽❀ ❦✾ ❛r❡ ❛✉①✐❧✐❛r② ❢✉♥❝t✐♦♥s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣❛rt✐❝✉❧❛r ❣❡♦♠❡tr② ♦❢ t❤❡
♣r♦❜❧❡♠ ❛♥❞ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✳ ◆♦t❡ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝♦♥t❛❝t r❛❞✐✉s ❆ ✇❤✐❝❤
✐s ✉s❡❞ ❛s t❤❡ ♣❛r❛♠❡t❡r ✐♥ ❜♦t❤ ♦❢ t❤❡ ❛❜♦✈❡ ❡①♣r❡ss✐♦♥s✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ✐♥t❡❣r❛❧
❡q✉❛t✐♦♥ ✭s♦❧✈❡❞ ♥✉♠❡r✐❝❛❧❧②✮ ✐s ✉s❡❞ ✐♥ ❬✹✺❪ t♦ ❡st❛❜❧✐s❤ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡
r❛❞✐✉s ♦❢ t❤❡ ❝♦♥t❛❝t ❛r❡❛ ❛♥❞ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ❝♦❤❡s✐✈❡ ③♦♥❡✳ ❋✉rt❤❡r✱ t❤❡ ❛❜♦✈❡
❛♣♣r♦❛❝❤ ✇❛s ❡①t❡♥❞❡❞ ✐♥ ❬✹✻❪ t♦ ❛ ♠✉❧t✐❧❛②❡r❡❞ ♠❡❞✐✉♠✳
❚❤❡ ❛❜♦✈❡ ❡①❛♠♣❧❡s r❡♣r❡s❡♥t ✈❛r✐❡t② ♦❢ ❛♣♣r♦❛❝❤❡s ❛♥❞ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s
✇❤✐❝❤ ❝❛♥♥♦t ❜❡ ❡①❛❝t❧② r❡❞✉❝❡❞ t♦ ❡①♣❧✐❝✐t P   ✍ ❢✉♥❝t✐♦♥s✳ ❆ t❤❡ s❛♠❡ t✐♠❡✱ t❤❡②
❝❛♥ ❜❡ ✉s❡❞ ✐♥ ❝♦♥❥✉♥❝t✐♦♥ ✇✐t❤ t❤❡ ♣r♦♣♦s❡❞ ❡①t❡♥s✐♦♥s ♦❢ t❤❡ ❇● ♠❡t❤♦❞✳
❆♣♣❡♥❞✐① ❇✳ ❙✉❜str❛t❡ ❡☛❡❝t ✐♥ ❉❙■ ❛t s♠❛❧❧ ❞❡♣t❤
■♥ t❤❡ ♣r❡s❡♥t ✇♦r❦✱ ❛ ♠♦❞❡❧ ♦❢ ❛s②♠♣t♦t✐❝❛❧❧② t❤✐❝❦ ❧❛②❡r ✐s ✉s❡❞ ✐♥ ♥✉♠❡r✐❝❛❧
s✐♠✉❧❛t✐♦♥s ❛♥❞ t❤❡ ❜❡♥❝❤♠❛r❦✐♥❣ ♦❢ t❤❡ ❇● ♠❡t❤♦❞✳ ❚❤✐s ♠❡❛♥s t❤❛t ✐♥ t❤❡
❝❛s❡ ♦❢ s♣❤❡r✐❝❛❧ ✐♥❞❡♥t❡r t❤❡ s♠❛❧❧♥❡ss ♦❢ t❤❡ r❛t✐♦ ♦❢ t❤❡ ❝♦♥t❛❝t r❛❞✐✉s t♦ t❤❡
❝♦❛t✐♥❣ t❤✐❝❦♥❡ss ♥❡❝❡ss❛r② ❧❡❛❞s t♦ t❤❡ r❡q✉✐r❡♠❡♥t ♦❢ s♠❛❧❧ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤✳
■t ✐s ❝♦♠♠♦♥❧② ❛ss✉♠❡❞ t❤❛t ❛t s♠❛❧❧ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ t❤❡ s✉❜str❛t❡ ❡☛❡❝t ✐s
♥❡❣❧✐❣✐❜❧❡✳ ❍♦✇❡✈❡r✱ ✐t ✐s ♥♦t ❛❧✇❛②s s♦✳
❆s ❏♦❤♥s♦♥ ❛♥s ❙r✐❞❤❛r s❤♦✇❡❞ ❬✹✾❪✱ t❤❡ s✉❜str❛t❡ ❡☛❡❝t ❞✉r✐♥❣ ✐♥❞❡♥t❛t✐♦♥
♦❢ ❛ ❝♦❛t❡❞ ♠❡❞✐✉♠ ❝❛♥ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❜② ♠❡❛♥s ♦❢ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢
❞✐♠❡♥s✐♦♥❧❡ss ❝♦rr❡❝t✐♦♥ ❢✉♥❝t✐♦♥s ✐♥t♦ t❤❡ ❝❧❛ss✐❝❛❧ ❡q✉❛t✐♦♥s ♦❢ t❤❡ ❏❑❘ t❤❡♦r②✳
❚❤❡s❡ ❝♦rr❡❝t✐♦♥ ❢✉♥❝t✐♦♥s s❤♦✇ t❤❛t t❤❡ s✉❜str❛t❡ ❡☛❡❝t ❞❡♣❡♥❞s ♦♥ t❤❡ ✐♥t❡r♣❧❛②
❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧ ❣❡♦♠❡tr②✱ ❛♥❞ t❤❡ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❜♦t❤ t❤❡ ❝♦❛t✐♥❣ ❛♥❞ t❤❡
s✉❜str❛t❡✱ ✇❤✐❝❤ ✐s ♥♦t ❛❧✇❛②s str❛✐❣❤t❢♦r✇❛r❞✳
❊①♣❡r✐♠❡♥t❛❧ st✉❞✐❡s ❞❡♠♦♥str❛t❡ t❤❡ s✉❜str❛t❡ ❡☛❡❝t ❛t s♠❛❧❧ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤s✳
❈♦♥s✐❞❡r✱ ❢♦r ❡①❛♠♣❧❡✱ t❤❡ ❡①♣❡r✐♠❡♥ts ♦♥ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ❝♦❛❧ s❛♠♣❧❡s ❜② ❊✳
❑♦ss♦✈✐❝❤ ❡t ❛❧ ❬✼✶❪✳ ■♥ t❤❛t ✇♦r❦ ❡❧❛st✐❝ ♠♦❞✉❧✐ ♦❢ ❝♦❛❧ ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ♠❡❛♥s
♦❢ t❤❡ ❖❧✐✈❡r✲P❤❛rr ❛♣♣r♦❛❝❤ ❛♥❞ ♥❛♥♦✐♥❞❡♥t❛t✐♦♥ ✇✐t❤ ✈❛r②✐♥❣ ❞❡♣t❤ ♦❢ ♠❛①✐♠✉♠
✐♥❞❡♥t❛t✐♦♥ ✭✶✺✵✳ ✳ ✳ ✹✵✵ ♥♠✮ ♦❢ ❛ ✶✹ ♠✐❝r♦♠❡t❡r ☞❧♠s ❛tt❛❝❤❡❞ ✈✐❛ ❛ ❣❧✉❡ ☞❧♠ t♦
❛ r✐❣✐❞ s✉❜str❛t❡✳ ❚❤❡s❡ ♠♦❞✉❧✐ ✈❛r✐❡❞ ❝♦♥s✐❞❡r❛❜❧② ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♠❛①✐♠✉♠
❞❡♣t❤ ♦❢ ✐♥❞❡♥t❛t✐♦♥✳
❚♦ ❛ss❡ss t❤❡ s✐❣♥✐☞❝❛♥❝❡ ♦❢ t❤❡ s✉❜str❛t❡ ❡☛❡❝t ♥✉♠❡r✐❝❛❧❧②✱ ✐♥ t❤❡ ♣r❡s❡♥t ❆♣✲
♣❡♥❞✐① ✇❡ ✉s❡ ❋✐♥✐t❡ ❊❧❡♠❡♥t ▼❡t❤♦❞ ✭❋❊▼✮ ❜② ♠❡❛♥s ♦❢ ❆◆❙❨❙ ✶✽ ▼❡❝❤❛♥✐❝❛❧
❆P❉▲ ✭❆◆❙❨❙✱ ■♥❝✳✱ ❈❛♥♦♥s❜✉r❣✱ P❆✱ ❯❙❆✮✱ ❛♥❞ s✐♠✉❧❛t❡ ♥♦♥✲❛❞❤❡s✐✈❡ ✐♥❞❡♥✲
t❛t✐♦♥ ♦❢ ❛ ❝♦❛t❡❞ ♠❡❞✐✉♠ ❛t s♠❛❧❧ ❞❡♣t❤✱ ✉s✐♥❣ t❤❡ ✈❛❧✉❡s ♦❢ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s
s✐♠✐❧❛r t♦ t❤♦s❡ ✉s❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳ ❚❤r❡❡ ❝❛s❡s ✇❡r❡ ❝♦♥s✐❞❡r❡❞✿ ✭✐✮ ✐♥❞❡♥t❛t✐♦♥ ♦❢
❛ ❤❛❧❢✲s♣❛❝❡ ♠❛❞❡ ❡♥t✐r❡❧② ♦❢ t❤❡ ❝♦❛t✐♥❣ ♠❛t❡r✐❛❧ ✭▼❛t❡r✐❛❧ ✶✮ ✉s✐♥❣ t❤❡ ❛♥❛❧②t✐❝❛❧
s♦❧✉t✐♦♥ ♦❢ t❤❡ ❍❡rt③ ❝♦♥t❛❝t t❤❡♦r② ✭t❤❡ r❡❢❡r❡♥❝❡ s♦❧✉t✐♦♥✮✱ ✭✐✐✮ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ❛
❧❛r❣❡ ☞♥✐t❡ s♣❡❝✐♠❡♥ ♠❛❞❡ ❡♥t✐r❡❧② ♦❢ t❤❡ ❝♦❛t✐♥❣ ♠❛t❡r✐❛❧ ✭▼❛t❡r✐❛❧ ✶✮ ♠♦❞❡❧❧❡❞
✉s✐♥❣ ❋❊▼ t♦ ✈❛❧✐❞❛t❡ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ❋❊▼ ♠♦❞❡❧ ✐ts❡❧❢✱ ✭✐✐✐✮ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ❛
❧❛r❣❡ ☞♥✐t❡ s♣❡❝✐♠❡♥ ♦❢ t❤❡ s❛♠❡ s✐③❡ ♠❛❞❡ ♦❢ ❛ ❝♦❛t✐♥❣ ✭▼❛t❡r✐❛❧ ✶✮ ❛♥❞ ❛ st✐☛❡r
s✉❜str❛t❡ ✭▼❛t❡r✐❛❧ ✷✮✱ ♠♦❞❡❧❧❡❞ ✐♥ ❆◆❙❨❙ ❛s ✇❡❧❧✳
❋❊▼ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✐♥ ❛①✐s②♠♠❡tr✐❝ ❢♦r♠✉❧❛t✐♦♥✳ ❚❤❡ ☞♥✐t❡✲s✐③❡
s♣❡❝✐♠❡♥ ✇❛s ♠♦❞❡❧❧❡❞ t♦ ❤❛✈❡ t❤✐❝❦♥❡ss ❍❋❊▼ ❂ ✹✶ ♠♠✱ ❛♥❞ r❛❞✐✉s ❘❋❊▼ ❂ ✷✵✵
♠♠ ✭❋✐❣✉r❡ ✶✻❛✮✳ ❲❤❡♥ t❤❡ ❝♦❛t❡❞ ♠❡❞✐✉♠ ✇❛s ♠♦❞❡❧❧❡❞✱ t❤❡ ❝♦❛t✐♥❣ t❤✐❝❦♥❡ss
✇❛s s❡t t♦ ❤ ❂ ✶ ♠♠✱ ❛♥❞ t❤❡ s✉❜str❛t❡ t❤✐❝❦♥❡ss ✇❛s s❡t t♦ ❍❋❊▼   ❤ ❂ ✹✵ ♠♠✳
❚❤❡ ❝♦❛t✐♥❣ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ✭▼❛t❡r✐❛❧ ✶✮ ✇❡r❡ s❡t ❛s ❊✶ ❂ ✼✿✾✵✻ ▼P❛ ❛♥❞ ✗✶ ❂ ✵✿✸
✭❨♦✉♥❣ ♠♦❞✉❧✉s ❛♥❞ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ❝♦rr❡s♣♦♥❞✐♥❣❧②✮✱ t❤❡ s✉❜str❛t❡ ❡❧❛st✐❝ ♣r♦♣✲
❡rt✐❡s ✭▼❛t❡r✐❛❧ ✷✮ ✇❡r❡ ❊✷ ❂ ✶✵✵ ▼P❛ ❛♥❞ ✗✷ ❂ ✵✿✷✺✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡❧❡♠❡♥t t②♣❡s
✇❡r❡ ✉s❡❞✿ P▲❆◆❊✶✽✸ ❢♦r ♠♦❞❡❧❧✐♥❣ t❤❡ s✉❜str❛t❡ ❛♥❞ t❤❡ ❝♦❛t✐♥❣✱ ❚❆❘●❊✶✻✾ ❛♥❞
❈❖◆❚❆✶✼✺ ❢♦r ♠♦❞❡❧❧✐♥❣ t❤❡ ❝♦♥t❛❝t ♣❛✐r✳ ❚❤❡ ✐♥❞❡♥t❡r ✇❛s ❛ss✉♠❡❞ t♦ ❜❡ r✐❣✐❞✳
❚❤❡ r❡s✉❧ts s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✻❜ ❞❡♠♦♥str❛t❡ t❤❛t ❡①❛❝t ❛♥❛❧②t✐❝❛❧ ❍❡rt③ s♦❧✉✲
t✐♦♥ ✭s♦❧✐❞ ❧✐♥❡✮ ❛♥❞ t❤❡ ❋❊▼ s♦❧✉t✐♦♥ ❢♦r t❤❡ ❧❛r❣❡ ☞♥✐t❡ s♣❡❝✐♠❡♥ ✭❝✐r❝❧❡s✮ ❤❛✈❡
♥❡❣❧✐❣✐❜❧❡ ❞✐☛❡r❡♥❝❡✳ ❚❤✐s ❝♦♥☞r♠s t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ❋❊▼ ♠♦❞❡❧✳
◆♦✇ ❝♦♥s✐❞❡r t❤❡ s❛♠❡ ❋❊▼ ♠♦❞❡❧ ✇✐t❤ ✐♥tr♦❞✉❝❡❞ s✉❜str❛t❡ ❡☛❡❝t ✈✐❛ t❤❡
❞✐☛❡r❡♥❝❡ ✐♥ t❤❡ ♣r♦♣❡rt✐❡s ❜❡t✇❡❡♥ ▼❛t❡r✐❛❧ ✶✱ ♦❝❝✉♣②✐♥❣ t❤❡ t♦♣ ✶ ♠♠ ❧❛②❡r✱ ❛♥❞
▼❛t❡r✐❛❧ ✷✱ ♦❝❝✉♣②✐♥❣ t❤❡ r❡st ♦❢ t❤❡ ♠♦❞❡❧✳ ❚❤❡ ♠❛①✐♠✉♠ s✐♠✉❧❛t❡❞ ✐♥❞❡♥t❛t✐♦♥
❞❡♣t❤ ✇❛s ✶✪ ♦❢ t❤❡ ❝♦❛t✐♥❣ t❤✐❝❦♥❡ss✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡s✉❧ts ✭tr✐❛♥❣❧❡s ✐♥
❋✐❣✳ ✶✻❜✮ ❞❡♠♦♥str❛t❡ ❞✐☛❡r❡♥❝❡ ✉♣ t♦ ✶✺✪ ❛t ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ ✶✪ ♦❢ t❤❡ ❝♦❛t✐♥❣























indenter displacement δ, µm
Half-space, Material 1, Hertz theory
Layer 41mm, Material 1, FEM
40mm Mat.2 + Coating 1mm Mat.1, FEM
✭❛✮ ✭❜✮
❋✐❣✉r❡ ✶✻✿ ❚❤❡ s✉❜str❛t❡ ❡☛❡❝t ❛t s♠❛❧❧ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤✿ ✭❛✮ t❤❡ ❋❊▼ ♠♦❞❡❧✱
✭❜✮ t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ ❢♦r❝❡✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s✿ t❤❡ r❡❢❡r❡♥❝❡ ❛♥❛❧②t✐❝ ❍❡rt③✐❛♥
s♦❧✉t✐♦♥ ❢♦r ❛ ❤❛❧❢✲s♣❛❝❡ ✭s♦❧✐❞ ❧✐♥❡✮✱ t❤❡ ❋❊▼ ♠♦❞❡❧ ✇✐t❤♦✉t t❤❡ s✉❜str❛t❡ ❡☛❡❝t
✭❝✐r❝❧❡s✮✱ t❤❡ ❋❊▼ ♠♦❞❡❧ ✇✐t❤ t❤❡ s✉❜str❛t❡ ❡☛❡❝t ✭tr✐❛♥❣❧❡s✮✳
❆♣♣❡♥❞✐① ❈✳ ❈♦♠♣❧❡t❡ s❡t ♦❢ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❉❙■
❞❛t❛ ❜② ♠❡❛♥s ♦❢ t❤❡ ❡①t❡♥❞❡❞ ❇● ♠❡t❤♦❞
■♥ t❤✐s ❆♣♣❡♥❞✐① ✇❡ ♣r❡s❡♥t t❤❡ ❝♦♠♣❧❡t❡ s❡t ♦❢ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❜② ♠❡❛♥s ♦❢ ❛♣♣❧✐✲
❝❛t✐♦♥ ♦❢ t❤❡ ❡①t❡♥❞❡❞ t✇♦✲st❛❣❡ ❇● ♠❡t❤♦❞ ✭✶✼✮✲✭✶✽✮ ✇✐t❤ ♣r❡✲☞tt✐♥❣ t♦ t❤❡ r❛✇
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✉s❡❞ ❡❛r❧✐❡r ✐♥ t❤❡ ♣❛♣❡r ❬✶✹❪✳ ❚❤❡ ❞❡t❛✐❧s ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ❛♥❞
❞❛t❛ ♣r♦❝❡ss✐♥❣ ✐s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ s❡❝t✐♦♥ ✹✳✸ ❛❜♦✈❡✳
■♥ ❋✐❣✉r❡ ✶✼✲✶✽ t❤❡ ❝♦♠♣❧❡t❡ s❡t ♦❢ r❡s✉❧ts ♦❢ ✐❞❡♥t✐☞❝❛t✐♦♥ ♦❢ t❤❡ ♣r♦♣❡rt✐❡s
♦❢ ♣♦❧②✈✐♥②❧ s✐❧♦①❛♥❡ ✭P❱❙✮ ✐s s❤♦✇♥ ❛s t❤❡ ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ✐♥ t❤❡ ♣r❡✲☞tt✐♥❣
♣♦❧②❣♦♥❛❧ ❝❤❛✐♥ ✈❛r✐❡s ❢r♦♠ ✸ t♦ ✶✵✳ ❚❤❡ ✈❛❧✉❡s ♦❢ ❊✄ ❛♥❞ ✇ ✇❡r❡ ✐❞❡♥t✐☞❡❞ s❡♣✲
❛r❛t❡❧② ❢♦r ❡❛❝❤ ♦❢ t❤❡ ✷✹ ❛✈❛✐❧❛❜❧❡ ❞❛t❛ s❡ts✳ ❚❤❡ r❡s✉❧t ♦❢ ❡❛❝❤ ✐❞❡♥t✐☞❝❛t✐♦♥ ✐s






























work of adhesion w, mJ/m2
pre-fitting with 3 segment line used
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm






























work of adhesion w, mJ/m2
pre-fitting with 4 segment line used
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm































work of adhesion w, mJ/m2
pre-fitting with 5 segment line used
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm






























work of adhesion w, mJ/m2
pre-fitting with 6 segment line used
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm
washed samples, indenter radius 3mm
✭❝✮ ✭❞✮
❋✐❣✉r❡ ✶✼✿ ▼❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❡①tr❛❝t❡❞ ✉s✐♥❣ ♣r❡✲☞tt✐♥❣ ✇✐t❤ ♣♦❧②❣♦♥❛❧ ❝❤❛✐♥✳






























work of adhesion w, mJ/m2
pre-fitting with 7 segment line used
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm






























work of adhesion w, mJ/m2
pre-fitting with 8 segment line used
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm































work of adhesion w, mJ/m2
pre-fitting with 9 segment line used
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm






























work of adhesion w, mJ/m2
pre-fitting with 10 segment line used
fresh samples, indenter radius 1mm
fresh samples, indenter radius 3mm
washed samples, indenter radius 1mm
washed samples, indenter radius 3mm
✭❝✮ ✭❞✮
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